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Summary
The tensile strength of a chemical vapour deposited SiC fibre (tungsten 
core) has been examined over a range of gauge lengths and in three 
states; as an unsupported single fibre, as a single fibre coated with a 
resin matrix and as a planar array of 10 fibres with various inter-fibre 
separations.
The strength of the unsupported single fibre was described by a 
two-parameter Weibull distribution at lengths between 500mm and 50mm 
when fracture was found to initiate at defects on the filament surface. 
At 10mm gauge length a small number of high-stress failures were 
initiated at the tungsten core. A bi-modal two-parameter Weibull 
distribution has been used to describe the strength at this length. The 
filament has been shown to have a residual surface tensile stress and 
the predominance of surface initiated failures is attributed to this.
When embedded in a resin matrix the filament is constrained and fracture 
initiates predominantly at the tungsten core rather than the fibre
surface. This gives an increase in the observed mean failure stress and
a decrease in the coefficient of variation. !
Significant matrix cracking was observed around these fractures and the 
shock-wave initiated by the failure was found to give extensive
secondary tensile fracture of the fibre over axial distances as great as
20mm from the initial fracture.
When tested as an array, at fibre spacings below 6 fibre diameters, the 
filament strength was comparable to the unsupported material and this is 
attributed to the resin 'neck' between the fibres imparting minimal j
surface constraint. At larger spacings the filament strength was j
essentially the same as for the embedded single fibre.
The overall strength of the array was found to be controlled by matrix 
cracking effects rather than by direct load-sharing between fibres.
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1 Fibre Composites as Engineering Materials
Fibre reinforced-{or composite) materials as engineering materials are 
often treated as a modern development but they have been in use almost 
since man first used structural materials. Over the intervening period 
the reasons for the use of composites have changed little although the 
types of fibres and matrices used today are infinitely more 
sophisticated than those of more ancient times.
Fibrous additions to matrices are made primarily for two reasons; 
firstly, to strengthen and stiffen an otherwise weak or compliant 
material (eg. most polymer resins), or secondly, to toughen a brittle 
material by introducing a means of damage absorbtion {eg. ceramic matrix 
composites). The matrix may also act as a means of protecting the 
fibres from the environment or from damage due to handling of the 
material.
The reinforcing of clay bricks with straw to reduce the shrinkage of the 
brick during drying is one of the early classic uses of a structural 
composite. Today, many plastic mouldings contain fibrous or particulate 
fillers to increase strength and stiffness whilst reducing shrinkage and 
cost. At a more ’technological’ level the bows of medieval archers were 
once laminated from layers of wood, bone and cloth to give lighter and 
stiffer (and hence more powerful) weapons, design criteria seen in many 
engineering applications of composites today. This latter type of 
structure with discrete layers of fibres placed at certain points in a 
component represents the current major method of producing advanced 
engineering structures from fibre/resin composites.
2The definition of an ’engineering material' is loose but is generally 
used to refer to-a load-bearing system where properties of interest are 
likely to be high elastic moduli, high fracture (or yield) strength, and 
possibly good toughness and low density. Figure 1.1 shows the 
approximate distribution of specific strength (strength normalised for 
density) vs specific modulus (stiffness normalised for density) for a 
number of materials, both metallic and non-metallic. This shows that 
the materials with the highest specific stiffness and strength are 
primarily ceramics such as boron, alumina and graphite whilst the 
majority of elemental metals are at the lower end of the plot, hampered 
by their generally higher densities. The reason for this change in 
behaviour lies in the difference in bond structure between the two types 
of material.
Metallic atoms such as Al, Mg, Fe, Cr and Ti can form elemental 
structures, bonding between atoms being omni-directional and thus 
allowing the formation of relatively low atomic bond density, (but 
close-packed), crystalline structures. The long range symmetry and 
relatively low bond strength of these structures means that under an 
applied tensile load atomic scale defects, (dislocations), can easily 
move through the crystal. This dislocation movement means the elemental 
metals generally appear ductile and deform at relatively low loads, 
deformation in a localised zone ultimately giving shear failure at 
applied stresses far below the theoretical tensile strength of the 
materials atomic structure.
3The majority of ceramics form as covalently bonded compounds such as 
Si0=s, SiC, SisNU and AI2O3. Notable exceptions are elemental carbon (as 
graphite) and elemental boron. All these structures have high atomic 
bond densities with the highly directional covalent bonds giving a 
regular three-dimensional atomic network. This bond structure means 
these materials tend to have inherently high elastic moduli and surface 
energies, but the relatively poor atomic packing, (compared to most 
metals), results in comparatively low densities.
The result of this bonding network is that the movement of dislocations 
(which are always present) cannot be activated without the application 
of large stresses to the system. In most ceramics these stresses are 
greater than those required to cause atomic cleavage and the material 
fractures in a brittle manner with very little deformation before 
failure.
From an idealised model of the bond structure in such a system it can be 
shown that the theoretical material strength will be approximately 
one-tenth of the elastic modulus [1]. In practice, however, the 
strength of real ceramics rarely approaches even one hundredth or one 
thousandth of the modulus, failure occurring due to crack propagation 
from microscopic or atomic scale defects which act as stress 
concentrators.
Modern engineering applications are demanding increasingly high 
performance from materials both in strength and dimensional stability. 
Reduced density is an increasingly common requirement since this 
represents improved performance in other areas such as fuel consumption, 
payload capacity or transport costs. Whilst monolithic ceramics present
4a possible choice for fulfilling these requirements, their inherent 
brittleness restricts their safe use in structures which will be 
subjected to tens-ile and/or impact loads. To reduce the likelihood of 
fracture at low stresses as much as possible it is necessary to be able 
to control the size and number of defects within the material. 
Unfortunately, while practical to some extent, this generally results in 
a significant increase in manufacturing costs and does not readily 
resolve the problem of impact damage occurring whilst the material is in 
service. The use of the ceramic as fibres within a containing matrix of 
a second (tougher) material represents one means of utilising some of 
the engineering properties of the ceramic whilst allowing the presence 
of defects and service damage which would be inadmissable in a 
monolithic structure. Failure of one fibre need not mean failure of the 
complete component.
In addition to improved strength and stiffness composite systems have 
many advantages over monolithic ceramic or metal structures. Modern 
moulding and automated manufacturing techniques allow the production of 
components in 'one-shot' which were previously assembled at greater cost 
or in a longer time from a number of separate sub-assemblies. Fibres 
can be positioned only at certain points or certain directions in a 
product giving different mechanical properties in different sections or 
under varying loads. As an extreme example of this; completely 
different types of fibre can be used in different parts of the same item 
to give ideal properties throughout - the case of the laminated archers 
bow, and more recently the composite helicopter rotor blade, tailor-made 
with some sections optimised for flexural stiffness and strength and
5others for torsional stiffness.
Despite the number of apparent advantages to their use the high cost of 
most ceramic fibres means it is only relatively recently that advanced 
composites have escaped from the technically demanding but relatively 
cost-insensitive defence and aerospace fields and have begun to make an 
impact in other areas such as sporting goods and automobile parts. In 
these areas reduced manufacturing costs in mass-production runs 
represents a large driving force for their use and not necessarily just 
the superior mechanical properties of the material. It has to be noted 
in passing that from the point of view of the fibre manufacturer these 
industries represent a more lucrative market than the aerospace concerns 
who, although probably requiring the most technically advanced 
composites, do not necessarily buy a lot of material compared to the 
amount used in hundreds of thousands of car body panels.
In nearly all these uses the composite is being used as a structural 
material and is subject to applied loads. During service, sooner or 
later, damage will develop, and this is most likely to take the form of 
localised fibre fractures. If sufficient damage is introduced the whole 
system will fail. Clearly an important part of the material engineers 
function here is to ensure this does not occur and for this an 
understanding of the fundamental material properties and the way in 
which the various parts of the composite behave and interact with each 
other is required. The aim of this project is to examine some of these 
parameters in a model system where the fibre strength is understood and 
it is possible to observe damage development processes within the 
composite. This then breaks down further into a study of the
6statistical nature of brittle fibre failure and the way in which groups 
of failures develop and grow within a composite until catastrophic 
failure finally occurs.
72 The Strength of High-Modulus Brittle Materials
In the early part of this century Inglis [2] calculated the theoretical 
stress-concentrations which may develop around a crack tip and Griffith 
[3] showed that in a true 'brittle' material such as glass, fracture is 
due to the presence of defects and flaws which act as cracks causing 
stress-concentrations. Inglis showed that the stress-concentration at 
the tip of an elliptical ('penny’-shaped) crack perpendicular to an 
applied load was [1 + (2a/b)] times the applied stress, where 2a and 2b 
are the major and minor axes of the ellipse. Different shaped defects 
with similar half-crack lengths and tip radii produced similar stress 
concentrations irrespective of whether the flaw was in the bulk of the 
material or was a half-ellipse opening on the surface. In a more recent 
review, Proctor [4] examined the stress concentration effect of various 
types of defects typically found in high-modulus fibres, such as 
internal voids and inclusions, surface scratches, notches, steps etc. 
This work together with the photo-elastic studies of Marsh [5,6] shows 
that the most severe of these defects are 90° steps on the fibre surface 
and also 'sharp' elliptical surface and internal cracks perpendicular to 
the applied stress. In practice the latter commonly form as a result of 
processing methods or handling damage, whilst 90° steps often form on 
chemically vapour grown 'whiskers' (low diameter discontinuous fibres) 
due to one of the growth mechanisms of these filaments.
Proctor [4] demonstrated that the strength of glass fibres or rods could 
be increased by etching or polishing the glass surface to remove (or at 
least reduce the tip radii of) surface defects, internal flaws then
8controlling failure of the filament. He also references similar results 
from work on silicon rods, and whiskers of boron and alumina. In a 
similar investigation, Johnson [7] and Thorne [8], examining the 
strength of carbon filaments produced from polyacrylonitrile (PAN) 
precursors, showed that chemical or thermal etching of the filament 
surface increased the measured strength by as much as 75%, failure then 
being controlled by internal voids and inclusions. A subsequent joint 
publication [9] shows that in some carbon materials this situation may 
be reversed, the removal of severe internal defects increasing the 
filament strength, fracture then being attributable to surface flaws. 
More recently Breedon-Jones et al [10] have shown that for modern carbon 
fibres such as pitch-based filaments, failure is still predominantly due 
to surface defects and flaws, although these tend to be introduced by 
poor processing techniques rather than because they are an inherent part 
of the fibre structure. This paper also reviews the work of a number of 
other authors on defects in modern non-PAN based carbon fibres.
One method of maximising the strength of these high-modulus but brittle 
types of materials is thus to produce the material as a low diameter 
filament with a high surface area to volume ratio. This should have the
effect of minimising the number of internal defects compared to surface
flaws, which although just as damaging, are often the result of handling 
and processing. By combining a large number of filaments together an 
equivalent volume of material to a bulk ceramic can be obtained but
which should contain far fewer internal flaws and be significantly
stronger. The number and type of internal defects will be largely 
determined by the production method of the fibre. For a filament such
9as glass, produced by drawing the material from a melt bath, any major 
flaws such as voids or insoluble inclusions are likely to cause fracture 
during drawing and hence are very rarely observed. Carbon fibre, 
however, is generally produced by pyrolysis of an organic precursor 
filament and any defects in the precursor are likely to be carried over 
into the finished fibre. Flaws can also form in carbon fibres due to 
vapourisation of inorganic impurities during pyrolysis. This is 
particularly important in the newer very high-modulus filaments produced 
at temperatures in excess of 1500°C,
Larger filaments (>100pm diameter) are produced by chemical vapour 
deposition (CVD) of materials such as silicon carbide or boron onto a 
smaller diameter metal or carbon substrate filament. In these types of 
filaments there is a significant possibility of voids and inclusions 
forming within the bulk of the material, particularly at the interface 
around the substrate. Modern fibre production methods are reviewed in a 
recent text by Watt [11].
Although most filaments generally fail due to the presence of the 
microscopic defects already described it would be expected that some 
lengths of fibre should be free of such flaws and should thus have a 
strength approaching the theoretical value of (E/10). In practice 
however, discontinuities such as crystallite boundaries in 
polycrystalline carbon and CVD filaments and simply changes in the local 
amorphous structure of glass fibres will act as stress-concentrators, 
initiating fracture.
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2.1 Statistical Aspects of the Strength of Brittle Fibres
If (as described -in section 1) it is assumed that all failures in 
brittle fibres originate from stress concentrating flaws then filament 
strength may be described by a statistical expression which will be a 
function of the number of different types of flaw and their respective 
spatial distributions along the fibre. Although the types of defects 
will depend on the material and the production method it is expected 
that they will be distributed randomly along the fibre according to a 
Poisson function unless a part of the manufacturing or handling process 
introduces defects at regular intervals, (eg. over-winding on a spool). 
In addition, since the tensile strength of a fibre must be positive and 
because any length of fibre must contain some form of strength-limiting 
defect a finite probability function must be used to express this 
strength distribution rather than an infinite one such as the Gaussian 
(Normal) distribution.
From this it can be seen that examining a longer or thicker fibre will 
increase the number of possible flaws present and hence increase the 
probability of finding a defect of a larger size (or severity), ie. a 
short fibre will be statistically stronger than a long one. This idea 
was first introduced by Peirce [12] in 1926 from work on cotton yarns. 
In this same work he originated the idea of a fibre or thread being 
composed of a chain of links, the strength of each link being described 
by a statistical function and the strength of the whole chain being 
equal to that of the weakest link (figure 2.1). This is generally 
referred to simply as the weak-link model of fibre behaviour. Peirce 
also suggested that although the distribution of flaws in a fibre may
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follow a Poisson distribution it is only the most severe flaws which 
need be considered to model failure of the material and he demonstrated 
a similarity ‘between his statistical work and that of Fisher and Tippett 
[13,14] (also in the early 1920s) on the limitation of distributions to 
finite forms based on the extreme (maximum or minimum) values of the 
sample population. Fisher and Tippett proposed a number of functions 
principally based on finite versions of the Gaussian distribution which 
could be applied to specific cases.
It was in the 1930s however that Weibull [15-17] effectively combined 
Peirces work with that of Fisher and Tippett and proposed a general 
mathematical function for describing data taken randomly from a large 
population containing a single randomly distributed variable. This 
function can be used, for instance, to describe the heights of a number 
of people taken randomly from a large group, or, (as in this work) the 
strength of ceramic fibres, assuming that fracture is the result of a 
random spatial distribution of a large number of defects of the same 
type but of differing intensities. As described in section 2 filaments 
may contain a number of different flaw types but since in practice only 
the severest type is of importance an extreme value function such as the 
Weibull distribution can generally still be used.
The work of Fisher, Tippett, Weibull and a number of other statisticians 
of this time is discussed in a paper by Epstein [18] which reviews a 
large amount of early work on the weak-link concept.
The basic cumulative distribution function (CDF) for the Weibull 
distribution is derived from standard probability theory as follows. 
Using the weak-link theory for the strength of a single fibre: If the
12
strength of a single link of the chain is defined by a probability of
survival Pw a s^ress (or applied strain) x, then probability theory 
gives the following result for a filament composed of n links;
Probability of survival for one link P. 2.1
Probability of survival for n links (P.)" 2.2
For convenience however, probability of survival is normally replaced by 
probability of failure Pr where;
Pr = 1 - P.
Probability of failure n links (Pr)n = 1—(P») 2.3
Any probability equation of this type can be written as a cumulative 
distribution function (CDF) in the following way;
F <x> = 1 - exp [ '-n (6«m> )] 2.4
where 0 <M> is some function of the failure stresses (or strains) x. 
Weibull took this distribution function and substituted a specific form 
of 0(K> which complied with the required materials conditions. This 
function and the way in which the Weibull distribution may be used to 
describe the strength of brittle fibres is described in the following 
sections.
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2.2 The Weibull Distribution to Describe Fibre Strength
Although it was stated in the previous section that the Weibull 
distribution in its conventional form can only be applied to fracture 
data originating principally from a single type of defect, it is 
possible to use a modified form of the function to describe data 
originating from a number of distinctly different defect sites. This 
modified function (termed a multi-modal (MMW) function to distinguish it 
from the more widely applied single-mode (SMW) function) is described in 
section 2.2.5. The statistical properties and uses of the Weibull 
distribution and other functions based on weak-link theories are covered 
in detail in a recent text by Nelson [19).
2.2.1 Characteristics of the Single-Mode Weibull Distribution
Weibull set conditions on the value of 0<K> such that it must be 
positive, non-decreasing and becomes zero at a value of X greater than 
or equal to zero. These conditions are fulfilled by the following 
function;
Substituting this into equation 2.4 gives the general form of the 
Weibull distribution;
2.5
where (X) will normally be fracture stress or strain and L is the length 
of filament at which W, Xo3nd X« have been determined, equivalent to n 
links of length 25 (delta) as shown in figure 2.1. This equation is 
termed the Weibull 'three-parameter' distribution as it contains the 
term Xu in addition to Xo and W. In practice XM is very small for most 
brittle materials and the 'two-parameter' Weibull distribution with X„ 
set equal to zero is frequently used.
W is a scale (or 'shape') parameter, the larger the value of W the lower 
the variability within the data set. It is also sometimes referred to 
as the 'Weibull modulus' and given the symbol m. This terminology is 
avoided here since it may be confused with the mechanical elastic 
modulus of materials (E). X0 a location parameter (sometimes termed 
the 'characteristic strength') and is given by the 63.2th percentile of 
the distribution where X=(X0+X„) and F<M>=0.632, (which gives
lnln[l/(l-Pr)]=of see section 2.2.2). L, the length of filament, should 
more accurately be V (volume), but since most filamentary materials have 
an approximately constant cross-section, length can normally be used.
Any systematic variation in fibre diameter must be allowed for since 
this will affect not only the number of possible internal defects but 
also the fibre surface area and hence the number of surface flaws. The 
significance of the distribution containing this term to allow for the 
phsyical volume of the sample is explained in more detail in section
15
Figure 2.2 shows the form of the distribution as a conventional 
frequency density plot for a constant X0 value and varying W. This 
figure is constructed from the following probability density function;
(Xo)'
. (Xw ,x) . exp 2.7
In figure 2.2 XM is set as zero, (introducing a value greater than zero 
simply displaces the location of the curves along the x-axis), the shape 
of the curves being affected only by variation in the shape parameter 
(W). This figure shows that with W=1 the distribution is an exponential 
function whilst W=3 approximates to a Gaussian distribution. As the 
value of W is increased then the distribution narrows (ie. variability 
decreases) and exhibits an increasingly negative degree of skew, the 
mode of the function tending towards XQ .
The mean, standard deviation and mode of the three-parameter function 
(equation 2.6) are given by [19];
x = xM + [Xo.. . n i + [l/w])] 2.8
s = x0 . . <r(i + [2/w]) - r=(i + [i/w])>°-° 2.9
M = x0 . (l - [l/W]) (W 2 1)
M = 0 (0 < W < 1)
2.10
The sample variance is then given by the square of the standard 
deviation and the coefficient of variation by:
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s (r(i + [2/w]) - r= (1 + [i/w])>°-s
cv = = - - - - - - - - - - - - - - - - - - - - - - - - - - -
x r.(i + [i/w])
which can be rewritten as;
r(l+[.2/W])'
r=-(i+[i/w]
-l 2.11
where T(x) is the gamma function. The value of r(l+[l/W]} tends towards 1 
as W increases, eg; W=2.0 gives r{l+[l/W3 )=0.886 and W=10 gives 0.951.
The gamma function is a factorial expression which is normally evaluated 
using a geometric series approximation or from tabulated values [20].
The full form of the function is;
T(x) = f t«-i
0 J.
e~* dt = {x-1)! .12
For most purposes an adequately accurate value can be calculated using 
Stirling's approximation;
f(x) = e~M . xCM”^*a>.. (2x)°-3 . A 2.13
where A = (l+[l/(12x)]+[l/(288x=)]-[139/(51840x3)]-[571/(2488320x*)]}
It is worth noting here that the approximate percentage coefficient of 
variation can be calculated from the Weibull scale parameter (W) alone 
using the following relationships [21];
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cv = .(1.2/M) * 100 % (for W > 5) 2.14
or Cv = (W”°-94) * 100 % 2.15
From equations 2.8, 2.9 and 2.11 it can be seen that although the mean 
and standard deviation of the Weibull distribution are affected by fibre 
length the coefficient of variation is not, ie. the variability in the 
strength of a particular type of fibre should be the same at all gauge 
lengths although the mean strength will vary. This agrees with the 
assumption that failure is due to a completely random spatial 
distribution of a single flaw type.
Integration of the curves in figure 2.2 gives the Weibull cumulative 
distribution functions (CDFs) for the populations and these are plotted 
in figure 2.3 on axes of failure probability (PT) vs observation value. 
This figure shows the Weibull distribution as it is often plotted and 
again it can be seen that increasing W decreases the variability of the 
distribution, but in this plot all the curves pass through the X0 value 
at the same probability of failure, (PT=0.632, the 63.2th percentile). 
Varying X„ or Xu (again equal to zero in this figure) will simply 
displace the curves along the x-axis by an amount equal to the change in 
the parameter, the shape of the distribution only changing with 
variation in W. It should be noted from this figure that although 
increasing W reduces the variability of the distribution, the magnitude 
of the reduction on changing W from 3 to 5 is similar to that on 
changing from 5 to 10. At even higher values of W (>~20) changes of
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only one or two become insignificant.
2.2.2 Graphical Methods for Estimation of the Weibull Parameters
The calculation of W, X0 ancj for a set of data can be made using a 
number of graphical and analytical methods. The simplest of these to 
apply are two graphical methods based on plots of equations 2.6 and 2.8. 
The first of these requires a rearrangement of equation 2.6, the Weibull 
cumulative distribution function to linearise the plot. From equation
2.6 the probability of a filament failing at a certain applied stress 
(X) is given by;
P-r = 1 - exp 2.16
and by taking natural logs of equation 2.16 twice we get;
In In-  = W.ln(X-Xu) - W.ln(X0) + ln(L) 2.17
This equation can be plotted on axes of ln(X) vs lnln{l/[l-PT]) 
(abbreviated here to 'ln/lnln') to give a straight line as in figure 
2.4. This plot is sometimes referred to as a 'Weibull probability plot' 
and from it W, (the gradient of the line) and X0, (the intercept at 
lnln(1/[1-Pr])=0.0, or Pr=0.632) can be calculated assuming XM=0. In 
common with all graphical methods this plot does not allow direct
estimation of Xw since there is no way of distinguishing any shift along 
the x-axis due to XM>o from that due to variation in X«.
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The construction of both the CDF and the ln/lnln plots {figures 2.3 and 
2.4) requires the assignment of a failure probability to each data 
point. This is done by ranking the observations into ascending order 
and then assigning a linearly distributed P-r value between 0.0 and 1.0 
to each point according to the following equations;
(j-[3/8])
<21 observations P-r(j) = ---■----- 2.18
(N+0.25)
(j-0.5)
>20 observations P*(j) = ------  2.19
N
where; Pr(j) is the probability of failure for the (j)th observation 
with the data ranked in ascending order, and 
N is the total number of observations.
This is essentially an arbitrary procedure and the equations for 
assigning Pr values to a series of observations are generally termed 
'estimators', equations 2.18 and 2.19 being recommended by Bergman [22] 
in a review of this technique, and also by Trustrum and Jayatilaka [23]. 
Bergman examined a number of other estimators which may also be used but 
which he observes have inferior statistical properties to equations 2.18 
and 2.19, notably;
3
Pr(j) = ----  2.20
(N+l)
{j-0.3)
Pr(j) = ------  2.21
(N+0.4)
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The second graphical technique for estimating the Weibull parameters 
does not require the use of estimators and is based on equation 2.8, the 
calculation of the Weibull mean. Taking natural logs of equation 2.8 
twice we get;
ln(X - XM) = -[l/W].ln(L) + ln(Xo) + ln{r(l+[l/W])> 2.22
Plotting ln(L) vs lnfX-Xd then gives a straight line with gradient 
(-1/W) and intercept ln(X0) at in(X-X„)=0.0 (figure 2.5). Again unless 
is already known it must be assumed to be zero, since it cannot be 
separated from any displacement of the line due to variation in X0.
This plot clearly demonstrates the point that fibre length does not 
affect the variability in the strength of the material but that it does 
affect the value of the mean and characteristic strengths, long fibres 
possessing lower characteristic strengths than short fibres but 
(ideally) showing identical variability (W).
The most significant drawback of both these methods is that they
presuppose the data approximates to a Weibull distribution, however this
is a problem which will be encountered with all graphical analyses. In
addition, assuming the data does approximate to a Weibull function, any
anomalous points in the data set will cause the distribution parameters
to be incorrectly estimated. Since the ln(L) vs ln(X) method is based
only on the arithmetic means of the samples, any anomalous values at the
extremes of the distribution will have less effect on the estimated
value of W compared to that estimated by the lnln(l/[l-P ,t
*]) vs ln(X)
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method. The double-logged y-axis used when plotting data on Weibull 
(ln/lnln) axes means the first two or three points in the data set have 
a marked effect on the calculated gradient of a least squares fitted 
line. Since these points at the extremes of the distribution are the 
ones most likely to have been inaccurately measured, there is some 
argument for using a method such as ln(L) vs ln(X) which minimises the 
effect of the lower points, particularly if a large amount of data is
available over a very wide range of gauge lengths. Possibly for this
reason it is generally found that this method gives slightly higher
values of W than the ln/lnln technique.
The estimation of Weibull parameters by graphical methods has been 
reviewed by various workers notably Braiden [24] who presents a general 
review of Weibull statistics, Heavens and Murgatroyd [25], Trustrum et 
al. [23] and Bergman [22,26,27]. Braiden describes the ln/lnln and 
ln(L)/ln(X) plots, whilst the other papers cover these graphical methods 
and also a number of analytical techniques for use with both two and 
three parameter functions.
In general all these reviews conclude that provided the sample 
population is large (>40) then the ln/lnln method is the best graphical 
system for the estimation of W and X0 for the two parameter distribution 
despite the problem of errant points at the extremes of the data set. 
Kamiya and Kamigaito [28] present a similar review of techniques and 
also examine the effect of omitting points at the extremes of the 
distribution for the reasons described above. Their work again suggests 
that provided a minimum sample size of about 40 observations is used 
then data omission has little effect on the calculated value of W. For
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smaller samples however, (particularly <20 points), they recommend the 
omission of the highest and lowest points together with a number of 
nearest neighbours (dependant on the number of points in the data set) 
when using the ln/lnln method of estimation. Data omission is of course 
only permissible if the population is known to fit a single-mode Weibull 
distribution, significant effects in the fracture behaviour of the 
material may otherwise be overlooked.
2.2.3 Analytical Methods for Estimation of the Weibull Parameters
Analytical estimation techniques have two advantages over graphical 
methods; they may be used with the three parameter distribution, and 
they can be used to give more statistical information about the data set 
than graphical techniques. As explained in section 2.2.1 the use of the 
three parameter distribution should not be necessary in this work but 
the calculation of values of errors and confidence limits on the 
parameter estimates can be useful and some analytical estimation methods 
allow this. The analytical techniques most commonly used are the method 
of moments, direct curve fitting and maximum likelihood estimation 
([23,25]).
The method of moments is the simplest of these to apply and is based 
around a solution of equations 2.8, 2.9 and 2.11 by equating the sample 
and distribution moments. This method is inherently similar to the 
ln(L) vs In(T) graphical solution of equation 2.8 except that equation 
2.11, (the distribution coefficient of variation), is solved either
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graphically or by direct curve fitting to give W, Xo then being 
calculated in equation 2.8 or 2.9. Trustrum and Jayatilaka [23] show 
that although parameter estimates obtained in this way are relatively 
simple to compute they do not possess the optimal statistical properties 
which estimates obtained by maximum likelihood can give.
Direct curve fitting methods have been used by numerous workers, notably 
Weil and Daniel [29] and Davies [30] who both used a least squares 
iterative curve fitting method in work on brittle epoxy resins and 
ceramics. The main advantage of curve fitting over other analytical 
techniques appears to be its relative insensitivity to points which fall 
away from the bulk of the data. As with the graphical analyses 
described in section 2.2.2 this does however mean that the form of the 
distribution must be fairly well known before the analysis is used, 
significant effects may otherwise be overlooked.
Davies [30] compares maximum likelihood and curve fitted estimates and 
shows that the latter are significantly less affected by anomalous 
points at the extremes of the distribution. He presents an example 
containing 94 data points where 5 anomalous points at the top of the 
distribution cause the value of W to be halved when maximum likelihood 
estimation is used. In his review of estimation methods, Heavens [25] 
also examines direct curve fitting using a system of least squares 
calculation designed to fit any function and described by him in a 
previous publication [31]. Although curve fitting techniques are 
generally relatively simple to apply and can be easily changed to 
accommodate different types of function the main statistical objection 
to their use is that there is no reason why least squares fitting
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methods should be used in preference to any other calculation system.
Maximum likelihood (ML) estimation is a purely analytical approach based 
on an iterative search to simultaneously optimise the values of W, Xo
and X„. A logarithmic expression based on the distribution probability 
density function (equation 2.7) is used as the basis for this process 
and the values of the parameters optimised using an iterative Newton- 
Raphson type method. Maximum-Likelihood methods and various 
optimisation techniques are covered in detail in the text by Nelson [19] 
and the methods used in this work are described in more detail in 
appendix 1.
ML estimation is suitable for all sample sizes, but is particularly 
useful when the sample size is small and graphical methods become 
unreliable [23,25]. ML techniques are also regarded as giving parameter 
estimates with the optimal statistical properties and can be used to 
estimate confidence limits and other statistical information. Their 
main disadvantages are regarded as the requirement for relatively 
complex computing techniques (although with modern equipment this is not 
really a major drawback) and, more importantly, the fact that under some 
conditions it is possible to obtain quite misleading results due to a 
very few anomalous points [30]. This effect can be easily checked 
however by making a graphical plot of the data and visually assessing 
the fit of the ML distribution estimate. This graphical check should 
always be made when using ML methods.
Although these three methods all have some disadvantages Maximum 
Likelihood (ML) estimation is generally accepted as the 'ideal'
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statistical method to use if possible, however as shown by Davies [30] 
estimates obtained in this way should always be compared with a 
graphical analysis of the data. In practice the majority of recent 
experimental work on fibre strength analysis tends to have been 
estimated using the two-parameter distribution and the graphical 
analysis of a ln/lnln plot [21][32-35].
2.2.4 The Strength/Length Relationship of a Single Fibre
It was explained in section 2.1 that (assuming a random spatial 
distribution of flaws) a long fibre is more likely to contain a severe 
defect than a shorter filament. An important feature of the Weibull 
distribution is the inclusion of a volume (or length) term to allow for 
this (equation 2.6). In practice this term is normally omitted when 
analysing data from a single gauge length. Once a single set of 
parameter estimates have been made however, the Weibull function allows 
this one set to be used to estimate the strength of the material at any 
other gauge length. Since this represents a fundamental part of the 
Weibull function it also offers a method of testing whether it is 
permissible to use this distribution to describe a population. The 
ln(L)/ln(X) plot (figure 2.5) clearly shows this. Since the variability 
in fibre strength should be the same at all lengths the gradient (-1/W) 
of the equation plotted on this figure is constant giving a straight 
line. Although this plot can only be constructed using data from at 
least two lengths, values of X0 can be read off for any value of L.
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Another way of writing the Weibull function to allow this calculation 
is;
where Lo is the length at which the parameter estimates were made and L 
is the new length at which it is required to 'predict' filament 
strength. This 'prediction' (or scaling) of strength distributions at 
gauge lengths other than that at which the parameters were initially 
measured, is one of the most important features of the Weibull 
distribution when used to describe filament strength.
Returning to the weak-link concept of fibre strength discussed in 
sections 2.1 and 2.2.1 it becomes apparent that this scaling process, 
(often termed weak-link scaling), allows the modelling of the strength 
of very long (or short) fibres from data obtained experimentally at more 
convenient lengths. This should make the generation of a 'chain' model, 
such as that shown schematically in figure 2.1, feasible regardless of 
how short the individual lengths of the chain might be.
The practical application of weak-link scaling and the Weibull 
distribution to real fibres and composite systems is described in 
section 2.3.
2.2.5 The Multi-Modal Weibull Distribution
The single-mode Weibull (SMW) distribution considered so far has been 
shown by many workers to approximate well to the strength of many types
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of brittle fibres. It has also been shown however that this function 
cannot accurately describe the behaviour of some filaments, notably the 
large diameter CVD produced materials [213[36]. When plotted on Weibull 
(ln/lnln) axes, data from these materials often shows distinct 
deviations from linearity and this has been attributed to these 
materials failing due to a number of distinct defect types. Since the 
Weibull distribution in its general form assumes that fibre strength is 
the result of a single flaw spectrum it is perhaps not surprising that 
data from these types of materials approximates only crudely to a 
single-mode function. If, however, it is possible to isolate separate 
flaw spectra within the data set then it should be possible to fit a 
single-mode Weibull function to the data from each defect type.
A number of workers have examined the use of a multi-modal Weibull (MMW) 
function to describe lifetime data from medical tests [37] and from 
testing of electrical components [38]. These papers, together with the 
work of Herman and Patell [39] show that provided each of the 
'subpopulations’ within the data set do not interact with each other and 
can be individually described by single-mode Weibull distributions then 
the overall function can be approximated to a combination of these 
functions using a competing-risk model [19].
This is the approach taken in a recent series of papers by Fukunaga and 
Goda [40-43] who have studied a number of fibre materials, carrying out 
tensile tests on single filament samples and examining the fracture 
surfaces of each sample to determine the defect type which initiated 
failure. These workers examined the strength and fracture behaviour of 
CVD manufactured carbon-cored SiC fibres and carbon-cored boron fibres 
and also of SiC fibres taken from the 'Nicalon' yarn produced by the
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Nippon Carbon Company. They show that all of these fibres exhibit 
bi-modal fracture behaviour based on surface and internal defects, 
giving strength distributions which deviate considerably from ideal 
(single-mode) Weibull behaviour but which can be approximated by a 
multi-modal distribution where the overall strength of the fibre is 
described by combining two single-mode functions, one for each defect 
spectrum.
By assuming that the different defect spectra do not interact with each 
other then the strength of the fibre can be defined in terms of the 
strengths of each subpopulation;
where F4(q ) is the single-mode Weibull distribution function for each of 
i=l,2,...k subpopulations composed of individual failure stresses (a);
The mean of the distribution can be found only by numerical integration
Since in most cases the different subpopulations will tend to overlap 
each other it is impossible to estimate the Weibull parameters for the 
complete distribution graphically and an analytical solution must be 
used. As described in section 2.2.3 a number of analytical methods are
k
F(a') = 1 - x [ 1 - Fl{a) ]
i=l
2.25
2.26
of
2.27
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available but by far the simplest to apply to this type of complex 
function is maximum likelihood. Again, by assuming that each 
subpopulation is independent of all the others, a likelihood function 
can be created for each one and solved, the parameters for each part of 
the distribution then being combined in equation 2.25 above. The method 
of solving this type of problem by maximum likelihood estimation is 
described in more detail in appendix 1 together with the ML methods for 
the single-mode Weibull function.
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2.3 The Strength and Fracture of Single Fibres
It was stated in section 2 that in the majority of brittle filaments 
failure is likely to originate at defects on the fibre surface. If this 
occurs in practice and only a single flaw spectrum is operative then it 
should be possible to describe fibre strength reasonably accurately 
using the Weibull distribution.
Using the maximum likelihood estimation technique Kasai and Saito [44] 
fitted experimental tensile test data from nine different types of fibre 
including carbon, glass, and CVD produced boron and silicon carbide, to 
a three-parameter Weibull distribution. Their results show that 
although there is a wide variation in the scale parameters (X0) for the 
different materials, the shape parameters (W) are all very similar, 
lying in the range 2 to 4 (corresponding to coefficients of variation 
from about 52% to 27% from equation 2.15). From these results Kasai and 
Saito suggest that the spatial distributions of flaws in these fibres 
must all be very similar although the severity of the defects is varying 
between fibre types. This latter effect is quite likely since even if 
flaws were of similar size in all the different materials investigated 
the chemical structure of the material and also the physical size 
(diameter) of the filament will affect the relative severity of a given 
size of defect.
Work by Priest [33], Manders [45] and Barry [34] on carbon fibres and by 
Martineau et al. [35] on CVD silicon carbide filaments has shown that 
the strength of these materials also approximates to a two-parameter
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Weibull distribution.
It is worth noting again here that a number of workers [35,36,44,46] 
have commented on the apparent bi-modal failure mechanisms of the large 
diameter CVD SiC and boron filaments, low strength failures resulting 
from surface defects and fracture at high stresses occurring from 
internal flaws or from failure of the CVD substrate filament itself. 
Fukunaga's examination of boron fibre failure [42] shows that in this 
material substrate failures predominate in the (stronger) short gauge 
length samples and this is likely to apply to other fibres as well.
It may seem intuitive that these effectively two-phase fibres will obey 
a multi-modal distribution but the work of Thorne [8], Johnson [7] [9], 
Breedon-Jones [10] and Fukunaga [41] shows that non-substrated fibres 
such as carbon and SiC monofilament also possess different strength 
distributions dependant on surface and internal defects. Much of this 
work suggests that internal defects in these fibres only become 
significant when surface flaws are effectively non-existent, conditions 
which rarely arise when carrying out tensile tests on relatively long 
lengths (10's of mm) of single filament due to damage introduced by 
handling. Interestingly, Johnson and Thorne [9] show that in some of 
the earlier carbon fibres which often contained quite major internal 
flaws, strength could be improved by elimination of these defects to 
give surface flaw controlled fracture.
With the resurgence of interest in metal matrix composites (MMC's) a 
further fibre failure mode has become apparent which may be incorporated 
into a statistical model for filament strength. In a recent paper, Goda
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and Fukunaga [A3] examined the fracture behaviour of silicon carbide 
monofilaments in metal matrix systems where a brittle reaction layer may 
form around the fibre during the impregnation process. In these 
materials this brittle layer may act as a further source of flaws to 
initiate fibre failure and Goda incorporates this mechanism into a MMW 
model for filament strength. Although this is an aspect of filament 
behaviour which is only apparent when the material is tested as part of 
a composite component, it illustrates that the strength and behaviour of 
an unsupported filament may be significantly altered once the fibre is 
surrounded by a matrix phase and this must be allowed for in a model for 
fibre behaviour.
The work discussed so far has been concerned with the fitting of a 
single or multi-modal Weibull distribution to fibre strength data 
obtained from a number of experimental tests on a single gauge length of 
samples. As described in section 2.2.4 an important feature of the 
Weibull distribution is the possibility to scale data obtained at one 
gauge length to estimate fibre strength at other gauges.
The work of Priest [33] and Manders [45] shows that the strength of 
single carbon filaments can be scaled accurately (to within 5%) from 
gauge lengths of 50 and 100mm down to lengths as short as 1mm. This 
scaling effect is based on the assumption that failure is due to a 
single flaw spectrum. For filaments which may fail by a multi-modal 
fracture mechanism such as the CVD materials then scaling of strength 
distributions becomes more complex, however Fukunaga [42] demonstrates 
that provided a similar MMW function can be used to describe data from 
each gauge length of interest then scaling of experimental data between
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50 and 10mm can be accurately made on a ln(L)/ln(X) plot (using equation
2.27 to calculate X), although relatively complex computing techniques 
have to be used.
Although these observations suggest that the strength of most fibres can 
be estimated by weak-link scaling there is evidence to show that at very 
short lengths (<1mm) filament strength may deviate from ideal Weibull 
behaviour and WLS cannot be used. Metcalfe and Schmitz [47] in work on 
glass fibres and Hitchon and Phillips [48] on carbon fibres both found 
that the use of a Weibull ln(L)/ln(X) plot suggested that fibres with 
gauge lengths of <5mm should be significantly stronger than was 
experimentally observed. In both cases this behaviour is attributed to 
the fibres possessing a second defect population due to local 
microstructural imperfections which only become important in short 
lengths of filament when surface damage due to handling etc, is less 
likely to be found.
A number of approaches have been tried to describe this deviation from 
linearity, notably that of Larder and Beadle [49] and that of Phani 
[50]. Larder and Beadle used the data of Metcalfe and Schmitz [47] and 
developed a model based on fibre strength following a Gaussian 
distribution, strength being determined by flaws of varying severity 
which were distributed along the fibre according to a Poisson process, 
(Metcalfe and Schmitz used a similar model themselves but with a complex 
multiple Poisson distribution to describe the flaw position). Since the 
spread in strength for very short fibre lengths is likely to be quite 
large the use of a Gaussian rather than a Weibull distribution for 
strength is not unreasonable. The strength of a filament was then
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estimated by notionally dividing it into short links, assigning a 
strength to each link using this Gaussian distribution and then 
superimposing the random spatial flaw distribution on this as the 
strength limiting mechanism. Whilst simple to apply the derivation of 
some of the terms in this model is difficult particularly in that the 
estimation of the strength at all lengths is based on accurate 
experimental measurements at very short lengths, the very tests which 
are the most difficult to carry out and hence give the most unreliable 
results.
Phanis1 approach to the problem also assumes that filament strength is 
determined at short lengths by a second failure mode not normally 
operative but to describe this a second set of parameter estimates are 
introduced into the three-parameter Weibull distribution to give the 
following equation;
where Xolt>2 and Wx.3 are the parameter estimates for the two parts of 
the distribution. Compared to the normal three-parameter function it 
should be noted here that (X-Xw) for the lower strength failure mode is 
essentially the same but with X„ replaced by Xu. For the upper strength 
limiting distribution however (ie. that which is operative at short 
lengths) an upper cut-off is introduced giving the term (XM_x). Phani 
shows that this upper cut-off (the ultimate maximum filament strength) 
can be represented approximately by the theoretical strength of a solid 
derived from E/10 [1], thus removing the necessity for accurate strength 
measurements at very short lengths to apply the model.
35
The aim of the preceding sections has been to show that if information 
is available about the physical structure and properties of a filament 
then the tensile strength of a single fibre can be accurately modelled 
over a wide range of gauge lengths. The modelling of very short lengths 
of fibre requires precise information about the microstructure of the 
material and how this influences fracture. At lengths greater than a 
few millimetres however,the strength of most ceramic fibres can be 
described using a relatively simple distribution function (equation 2.6 
or 2.24) with data obtained from simple tensile tests.
In the following sections it is intended to demonstrate that a 
considerable amount of further information about both the matrix phase 
and about fibre/matrix interaction mechanisms is required before these 
models can be extended to describe the behaviour under load of even very 
simple composite structures.
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2.4 The Strength of an Aligned Bundle of Unsupported Fibres
The term 'fibre bundle' is used here to describe any number of 
continuous filaments aligned together in a regular or random geometric 
array. Although not examined experimentally in this project an 
unsupported fibre bundle (ie. one containing no matrix phase) represents 
a logical step in the progression from single filament to unidirectional 
composite.
When an unsupported array of nominally identical filaments is loaded it 
is assumed that all the fibres 'see' the same tensile strain, load being 
distributed from the gripped portions of the bundle into each fibre 
proportionally according only to the diameter of each filament. If the 
filament diameters are all identical each fibre would thus carry the 
same load. As the applied load is increased then the fibre containing 
the most severe flaw (or stress-concentration point) will fracture 
first. Assuming that the fibres are all nominally identical and the 
flaw distribution is completely random along the fibres then this may 
happen anywhere within the array. The immediate effect of this fracture 
will be to completely unload the failed filament along its whole length, 
(load only being applied through the gripped ends, of course). Since 
the applied load on the bundle is still the same, the load carried by 
the failed fibre must be redistributed equally between all the surviving 
filaments each of which will then carry a slightly higher stress. As 
the applied load is increased still further, random fibre fractures will 
continue with a corresponding load increase on the survivors until a
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single failure causes sufficient ’overloading’ of the remaining 
filaments to give a catastrophic sequence of fractures, one failure 
resulting in another with no further increase in the applied load. This 
type of load redistribution mechanism is normally termed equal load 
sharing, often written simply as ELS.
Daniels [51] developed a statistical analysis for the strength of a 
bundle of textile fibres under such conditions and this was subsequently 
extended by Coleman [52] for a system of fibres whose individual 
strengths followed a Weibull distribution. Coleman showed that the mean 
strength of the bundle decreased as the variation in fibre strength 
increased, (ie. a decreases as W decreases) and that the bundle strength 
was always less than the mean fibre strength. Clearly the variability 
in fibre strength will strongly influence the bundle strength with ELS 
operating. A group of fibres with very low variability (ie. high W) 
will fail catastrophically after relatively few individual fractures, 
whilst a high variability in fibre strength will tend to give a bundle 
which is likely to fail only after quite a large number of the 
individual fibres have failed.
In practice unsupported fibre bundles tend to have little structural 
rigidity and hence are generally only used as ropes, cables etc. In 
these systems frictional loading between fractured filaments, caused by 
the fibres being packed tightly together and the bundle twisted, limits 
the use of the ELS model. The resulting complex load sharing system and 
bundle strength distributions have been statistically analysed in a 
number of recent papers notably by Smith and Phoenix [53] and by Phoenix 
and Taylor [54] as an extension of their studies of impregnated bundles.
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2.5 The Strength of Unidirectional Resin Impregnated Bundles
To produce structural composites, fibres (or bundles of fibres) must be 
contained in some form of matrix phase, this holding the individual 
fibres in place and transferring applied loads into them. For a simple 
tensile specimen, strain throughout the coupon must be uniform and hence 
load will be transferred preferentially from the matrix phase to the 
(normally) much higher modulus fibres to maintain this uniformity.
Once a fibre fails a discontinuity will form within this system and the 
load carried by the fractured portion of the fibre will have to be 
transferred back into the matrix. If the fibre/matrix bond is not 
broken except over a region close to the fracture plane and the matrix 
is sufficiently strong to carry the excess load in this region then the 
rest of the fibre will be unaffected and a stress-concentration develops 
around the fracture site. The unloaded length of fibre either side of 
the fracture is generally termed the ineffective-length and given the 
symbol 6 (delta), this is discussed in more detail in section 2.5.3. In 
a situation where there are neighbouring filaments close to the fracture 
then the load from the failed length of fibre may be transferred into 
these, again to maintain the strain uniformity with the matrix, causing 
a stress concentration in these fibres over a similar (but not 
necessarily identical) length. This is termed a local load sharing 
(LLS) system as opposed to the equal load sharing system which was 
applied to an unsupported bundle.
Each of these fibre failures is analogous to removing one link (length 
25) from the chain model in figure 2.1(c), the rest of the chain being
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unaffected by this. For an impregnated bundle the weak-link model can 
still be applied. Figure 2.1(d) shows how a bundle may be considered as 
a chain of mini-bundles each of length 26. As fibre fractures occur at 
random throughout the chain eventually one mini-bundle will have 
insufficient strength to support the applied load and catastrophic 
fracture will occur across that cross-section. This is the 
'cumulative-damage' model developed by Gucer and Gurland [55], Rosen 
[56] and Zweben [57].
Clearly the severity of the 'damage zone' which occurs around each fibre 
failure will play an important part in determining how soon this 
catastrophic failure occurs and this is discussed in the following 
sections.
2.5.1 Load Transfer to a Single Fibre in a Resin Matrix
Load is transferred into an embedded fibre by shear at the fibre/matrix 
interface. Under these conditions the tensile stress in the fibre will 
build up from zero at the fibre ends to some maximum value over the 
central region of the filament. The value of this 'stress transfer 
length’ and of the maximum stress carried by the fibre will be a 
function of the fibre and matrix mechanical properties and of the 
interfacial structure between the two materials.
The two classical theories for estimating both the tensile stress 
produced in a single embedded fibre and the shear stress across the 
fibre/matrix interface are the shear-lag models originally developed by
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Cox [583 and Dow [59]. The stress distributions estimated by these 
models are very similar and Cox's has been used here, (Dow’s gives 
slightly higher shear stresses around the fibre ends). The form of the 
distributions given by this function are shown in figure 2.6 and the 
various equations for both models are listed in appendix 2. Cox's model 
is based on the following assumptions;
1) Interfacial shear stress is proportional to the difference in the
relative displacements of fibre and matrix when loaded (a) as a
bonded composite, and (b) as two separate components.
2) There is no fibre end adhesion to the matrix, but there is perfect 
bonding along the rest of the interface.
3) The fibre and matrix are both completely elastic.
4) The fibre carries only axial tensile stresses.
5) The matrix carries only shear stresses.
6) There are no stress concentrations around the filament ends.
Intuitively it can be seen that (2-5) are reasonable approximations for 
a fractured high modulus fibre surrounded by a small volume of a resin 
matrix, The last assumption however, greatly simplifies the model but 
is unrealistic. The experimental photo-elastic work of Maclaughlin 
[60], Tyson and Davies [61] and of Allison and Hollaway [62] shows that 
shear stresses along the interface within one or two diameters of a 
fibre end are as much as five times higher than the values estimated by 
Dow's model (these already being slightly higher than those calculated 
using Cox's method). These discrepancies only arise very close to the 
fibre ends, however, and at other points the shear-lag models agree well
41
with the experimental results. The general applicability of the Cox 
model is also confirmed by Smith and Spencer [63] in an extensive 
mathematical analysis of the interfacial shear stress distribution close 
to the fibre end in a model silica/aluminium system. Recently Galiotis 
et al [64] have experimentally verified Cox's analysis for the tensile 
strain in a single fibre. Using a 'composite' consisting of a single 
crystal polydiacetylene fibre in an epoxy resin matrix, the tensile 
strain resulting in the fibre from an applied load on the sample was 
measured using in-situ Raman spectroscopy and found to agree almost 
precisely with Cox’s values. Some discrepancy was found very close to 
the fibre ends, but for a discontinuous fibre composite such as Galiotis 
used, Cox's assumptions (particularly 2 and 6 above) begin to break 
down.
2.5.2 Matrix Damage and Stress-Concentration around Fibre Fractures
The majority of work on stress-concentration around individual fibre 
fractures in composites has been on macroscopic photo-elastic models of 
fibre bundles, simply because the fibres in most real composite systems 
are too small to be handled and examined quantitatively for this type of 
effect.
The model of most interest here is two co-linear fibres separated by a 
cavity in the matrix material, this being analogous to a single fibre 
break in a unidirectional bundle (figure 2.7). Using this model 
photo-elastic analyses may be used to examine the stress distribution 
around a 'fracture' and to determine how this is affected both by the
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presence of neighbouring filaments and by the variation in the gap 
between the ends of the broken fibre.
Maclaughlin [60] examined the effect of varying the spacing of the 
’broken’ fibre ends from 1-7 diameters in a system with no neighbouring 
filaments and showed that decreasing the separation caused an increase 
in the interfacial shear stress along the interface within about three 
diameters of the fibre ends. He also showed that whether the gap 
between the ends is filled with matrix material or not appears to make 
little difference to the stress-concentration effect, the maximum 
interfacial shear stress being similar in both cases. This may be 
correct but may also be due to the simplicity of the model.
Schuster and Scala [65] microscopically examined a system of 
discontinuous (~50pm diameter) alumina whiskers in an epoxy matrix and 
found similar stress-concentrations around bonded whisker tips to those 
observed by Maclaughlin [60]. Filaments which fractured whilst under 
load in the matrix however produced much higher stress-concentrations. 
The shear stress gradients around these fractures were too great to 
measure using their microscopic technique, but were largely induced by 
interfacial debonding and radial matrix cracking rather than just by 
separation of the fibre ends. The extent of this damage will be a 
function of the energy release associated with the filament fracture and 
the way in which this is absorbed and contained by the matrix.
In further work on model systems both Maclaughlin [66] and Schuster and 
Scala [67] examined the effect of fibre breaks on adjacent filaments. 
Maclaughlin used a macroscopic photo-elastic model where both ’fibres'
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and matrix were birefringent epoxy resins, the stress-optic coefficients 
of the two phases being chosen to give an apparent elastic modulus ratio 
of 40:1. This work showed that for fibres spaced less than about 5 
diameters apart a 'break' in the central fibre gave a shear stress 
concentration of 2-3 in the neighbours, this effect extending axially 
for as much as 10-20 diameters. The length over which there is an 
increase in stress on the adjacent fibres is significantly affected by 
the inter-fibre spacing, decreasing the spacing giving a higher 
stress-concentration factor (SCF) over a shorter length.
In addition shear stresses in the matrix adjacent to a break were 
lowered by the presence of adjacent fibres within one diameter whilst 
the largest stress-concentrations in the matrix were found between 
neighbouring fractures when the failure planes were offset by about 3 
diameters of each other axially. Under these conditions shear stress 
concentrations of up to 13 times were observed in the matrix. Schuster 
and Scala [67] recorded values of 9-10 in a similar model and obtained 
comparable results for the distances over which interactions may occur 
between fibres.
In both of these pieces of work it was found that decreasing the 
filament separation caused lower stress concentrations in the matrix 
adjacent to a fibre break, stresses being preferentially transferred 
into the high modulus fibres. Schuster and Scala also show that even in 
a coupon containing two adjacent fractures, (Maclaughlins 'worst 
possible’ case) the presence of neighbouring fibres within 5-6 diameters 
results in matrix stress concentrations much lower than those measured 
on fractured single filament coupons.
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The magnitude of the shear stress concentrations in the matrix between 
fibres in these models demonstrates the importance of interfacial bond 
strength in these materials. In a composite with a weak interface two 
adjacent failures may cause significant debonding of the fibres, also 
localised yielding/plastic deformation of the resin may occur leading to 
further damage.
The general form of stress-concentration distribution which may occur in 
fibres in this type of system is shown in figure 2.8. For simplicity of 
modelling this behaviour the distribution is often reduced to the 
step-function shown so that a single stress-concentration factor can be 
used over a precisely defined length of fibre.
Although this type of work provides useful qualitative information and 
some exact quantitative data for specific systems no allowance is made 
for matrix cracking, fibre debonding etc, and these effects obviously 
have an important effect on the stress ’seen' by neighbouring fibres.
Radial matrix cracking around failures has been observed in a number of 
systems including carbon/epoxy (Drzal, Rich and Lloyd [68]) and 
boron/epoxy (Mullin, Berry and Gatti [69]). In this latter work Mullin 
et al. demonstrated that if fibres are closely spaced (equivalent to a 
high volume fraction material) then cracking from one fibre may extend 
up to adjacent fibres, possibly causing further damage to these.
Assuming these adjacent filaments remain intact then in this case the 
only means of stress transfer around the crack tips is directly through
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the neighbouring fibres giving a much higher SCF in these than would 
normally occur in an uncracked system.
Mullin et al carried out their studies on single boron fibres embedded
in an epoxy resin and found that the extent of matrix damage was 
primarily dependant on the fracture strain of the fibre and the applied 
strain rate (ie. on the energy available for crack growth). Increasing 
either of these resulted in matrix cracks which propagated further from 
the fibre until ultimately catastrophic fracture of the whole coupon 
(2x4mm cross-section) resulted from a single filament failure. Mullin 
suggests that this behaviour is characteristic of a system with a strong 
interfacial bond and that changing the strength of the fibre/matrix 
interface could change the damage associated with a fibre fracture as 
follows;
a) Good interfacial strength, high matrix tensile strength: localised 
disc cracking perpendicular to fibre.
b) Poor interfacial bonding, high matrix tensile strength: filament
debonds, debond length likely to increase with further loading.
c) Good interfacial bonding, low matrix tensile strength: localised cone 
cracking likely to occur either side of fibre fracture on planes of 
maximum tensile stress in matrix, little debonding or disc cracking.
These fracture modes are illustrated schematically in figure 2.9. The 
use of the terras 'interfacial bond' and 'matrix tensile strength' are 
very general in this context and it may be better to replace the latter 
with 'matrix toughness’.
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In a subsequent paper Gatti [70] examined the matrix damage in a similar 
boron/epoxy system when the interfacial bond strength was varied in a 
controlled manner. This was achieved by coating filaments with varying 
thicknesses of graphite. Similar to the earlier work with Mullin and 
Berry [69] he observed matrix cracking around the well-bonded fibres and 
debonding along the graphite coated filaments. When used with small 
bundles of fibres the graphite coating resulted in higher bundle 
fracture strengths than those observed in the well-bonded materials, the 
latter tending to fail catastrophically by a matrix crack from a single 
fibre failure running through all the other filaments.
Wadsworth and Spilling [71] made a similar examination of a carbon/epoxy 
system and observed comparable matrix effects (debonding or radial 
cracking) as the interfacial strength was varied. They found that in a 
system with a weak interface the fibre ends pulled back only half a
diameter from the fracture plane but that debond lengths as high as 75
diameters also occurred either side of the fracture plane although there 
is probably some frictional stress transfer along this length. In 
strongly bonded coupons radial matrix cracks occurred running up to one
diameter into the resin but with the fibre ends showing minimal
separation and minimal debonding.
In work on planar arrays of fibres they observed little interaction 
between fibres in the poorly bonded system with no correlation between 
fracture sites in adjacent fibres, but that the strongly bonded 
materials showed similar break positions in neighbouring filaments 
provided the fibres were separated by a maximum of only 4-5 diameters.
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Overall, fibre arrays tended to exhibit more fractures at lower strains 
than single fibres, as would be expected with the few breaks which occur 
causing stress-concentrations in the adjacent filaments. At higher 
strains the number of breaks in both single fibres and arrays was 
similar.
In a purely analytical study Mahishi and Adams [72] have made a finite 
element study of a single embedded fibre and obtained similar results to 
the above workers as to when the fibre will debond and when a matrix 
crack will form.
Although this type of work allows the measurement of approximate stress 
concentration factors a number of workers have made exact calculation of 
SCFs for model composite systems.
Using a shear-lag analysis based on an ideal elastic composite system 
Hedgepeth [73] examined the effect of a 'crack' formed by the separation 
of two fibre ends on the stress distribution in a two-dimensional planar 
fibre array. In addition he presents a method of introducing a 
'dynamic' SCF to allow for the momentarily higher stresses associated 
with an energy release as the fibre breaks. In subsequent work with Van 
Dyke [74] [75] this work is extended to cover a system where the 
interface debonds completely at a critical shear stress value. 
Consideration is also given in this work to three-dimensional arrays.
Hedgepeth [75] calculates the maximum stress concentration factor caused 
by the sudden fracture in one plane of a certain number of adjacent 
filaments (1-6 in this work). His results show that the majority of the 
load from the failed fibres is carried by the nearest surviving 
neighbours, the static SCFs ranging from 1.33 for a single failure to
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2.38 for 6 adjacent fractures. In addition he shows that the dynamic 
SCF associated with the shock wave released as the fibre(sj fail starts 
at 1.15 for one failure and reaches a limiting value of 1.27 for an 
infinite number of simultaneous failures. The maximum SCF which may 
momentarily result from a single break is thus 1.53. With a non-Hookean 
matrix and a geometrically imperfect array such as might be found in a 
real composite Hedgepeth suggests that much lower values might occur.
In the work with Van Dyke it is shown that a 3-dimensional group of 
failures (equivalent to a small fractured bundle within a whole 
composite) gives significantly lower SCFs on the surviving adjacent 
fibres than in the 2-diraensional case. An approximate solution is also 
presented to account for plasticity effects within the matrix.
Using a similar shear-lag analysis Fichter [76] [77] calculated the SCFs 
associated with two fracture groups separated by a number of intact 
fibres. He showed that if the two 'cracks' were less than 4 diameters 
apart then the SCF in the intervening whole fibres was much higher than 
for an equivalent single crack. In addition he shows that for any 
'crack' size, only fibres within one crack width will 'see' an SCF>1.0.
The strain distribution in coupons containing regular planar arrays of 
fibres similar to Hedgepeth's model has been examined experimentally by 
Armenakas and Sciammarella using a moire fringe interference technique 
to measure the strain on the coupon surface. The stress concentration 
factors determined using this method on an S-glass/epoxy coupon were 
found to be similar to Hedgepeth’s theoretical results but -10% lower. 
This agrees reasonably with Hedgepeth's own comments about the
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limitations in his model.
More recently Fukuda and Kawata [78] [79] have presented an approach 
based on a force balance model which may be closer to a real composite 
system. In addition to SCFs for the nearest neighbouring fibres they 
show that the effect of a fracture may extend over 3-4 adjacent fibres. 
Their results show a maximum static SCF of 1.27 in filaments adjacent to 
a single break with Ef/Em=50, and the fibre separation equal to half the 
broken fibre end gap. The length of the adjacent fibre which sees an 
SCF>1.0 is shown to about 20 diameters. This value agrees with the 
experimental observations of Maclaughlin [66]. Increasing the number of 
adjacent failures raises the SCF in the nearest intact neighbour to a 
maximum of 1.5 for a break containing 18 adjacent failures, 
significantly lower than Hedgepeth's value (2.38). Fukuda suggests this 
is due to his model including an allowance for stresses lost in the 
matrix, but he also assumes that the gap between the fibre ends is 
filled with matrix and that a linear elastic plane stress calculation 
can be used. The photo-elastic work of Maclaughlin [60] [66] suggests 
that this first assumption is valid although his systems all had a much 
smaller fibre end gap compared to the inter-fibre separation. The use of 
a linear elastic calculation in an inhomogeneous composite is more open 
to question.
All the above work has concentrated on the case of a group of fibre 
fractures all in one plane perpendicular to the fibre direction with the 
fibres spaced in a perfectly regular array. The 'crack' perpendicular 
to the fibres is the most severe case but a series of solutions for
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’cracks’ inclined at an angle to the fibre axis have been developed by 
Ko [80]. For inclined cracks these give SCFs lower than those 
calculated by Hedgepeth and give identical values when the crack is 
assumed to be perpendicular to the filaments.
In the vast majority of practical composite materials fibres are packed 
together at random and the regular geometric array model breaks down.
In a number of recent publications Batdorf and Ghaffarian [81], Fukuda 
[82] and Smith [83] have all proposed methods for estimating SCFs in 
unidirectional arrays where the fibre spacing is defined by a known 
distribution. Smith used an extension of Hedgepeth’s analysis and 
showed that the SCFs for a randomly spaced fibre array could be 
described by a Weibull function, the shape parameter of which increased 
(ie. variation decreased) as the number of adjacent failures increased, 
Fukuda obtained a similar result. Batdorf and Ghaffarian simplified 
their model by assuming that the SCFs could be directly described by a 
Weibull function but this appears to be incorrect. All this work 
demonstrates however that the SCFs for a randomly spaced fibre array are 
significantly greater than those estimated for a regular system even 
using the values of Hedgepeth [73].
Although these analyses are becoming increasingly sophisticated none 
have yet made any attempt to examine the effects of static and dynamic 
interface and matrix damage which a number of workers have observed is 
frequently the the dominant factor in determining the actual stress 
concentration factors which develop around a fracture [70] [73].
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Recently however this deficiency has been remedied to some extent.
Using a finite element analysis method which is largely based on 
shear-lag theory, Reedy [84] has recently examined stress concentrations 
around breaks in boron/epoxy and Kevlar/epoxy monolayer (2-D) 
composites. This work includes the effect of matrix cracking, fibre 
debonding and a variable frictional force along debonded sections. His 
work shows that in an ideal elastic and fully bonded system matrix shear 
stresses near the tip of a broken fibre are more than 7x the interfacial 
bond strength, the nearest intact neighbour fibres seeing a maximum SCF 
of 1.33, this decaying to 1.0 over £10 fibre diameters axially, as shown 
by Hedgepeth’s original model [73J. The lowest SCF is for a completely 
debonded, zero friction system, this giving the largest axial 
interaction length of course. For the Kevlar/epoxy system the filament 
is known to debond but retain a strong frictional ’bond’ and these 
conditions are shown to give an SCF of 1.08, £20% lower than the 
perfectly bonded system. For this frictional loading system the 
adjacent fibres see an SCF>1.0 over £60 diameters either side of the 
failure, comparable to the experimental observations of Wadsworth and 
Spilling [71] for frictionally loaded carbon fibres.
2.5.3 The Ineffective Length of a Fractured Fibre
When a fibre fails no load can be carried across the fracture plane and 
the axial stress in the fibre close to the break must be zero. The load 
previously carried by the unloaded section of fibre will be transferred 
into the adjacent fibres and into the matrix. Figure 2.8 shows the form
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of stress distribution in a fractured fibre and in an adjacent intact 
filament. In the failed fibre the ineffective-length is marked as 6, 
and is generally defined as that part of the filament either side of the 
break where the tensile stress is less than a fraction 0 below the
by Rosen [563 and it should be noted that a length 6 is unloaded on both 
sides of the failure, the total affected length being 26. In figure 2.8 
6 has been drawn in taking an arbitrary value of 0.9 for 0. The 
calculation of 6 can be based on a shear-lag model such as Cox [58] or 
Dow [59] since these give accurate values for the tensile stress in the 
fibre away from the fibre ends [61] [63]. Using this type of analysis * 
Rosen [56] [85] has shown that the value of 6 is dependant on the volume 
fraction of fibre present as well as the relative mechanical properties 
of the fibre, matrix and interface. Increasing Vr (the volume fraction 
of fibre) is equivalent to reducing the fibre separation and leads to a 
corresponding decrease in the ineffective length. This has been shown 
experimentally by Maclaughlin [66]. Rosen calculates 6 using the 
following equation;
undisturbed stress a
•r. The term ineffective-length was originally used
df-iri-Vf0-3irEf*l0-a
2.29
where; d* is the fibre diameter,
Er is the fibre tensile elastic modulus, 
G„ is the matrix shear modulus and 
Vr is the volume fraction of fibre.
The value of 6 will be greatly influenced by the extent of matrix damage 
around a fracture and, in the case of a poorly bonded fibre, is likely 
to increase with increasing fibre fracture strain. It may also increase
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once a debond has formed if the debonded region extends with further 
loading.
2.5.4 Theoretical/Statistical Modelling of Unidirectional Composites
Fracture of a composite bundle can be treated in two ways as was done by 
many of the early workers in this field, notably Gucer and Gurland [55], 
Rosen [56] and Zweben [57]. The two fracture processes are termed 
'cumulative' and 'non-cumulative' failure. The latter assumes that 
failure occurs due to a single fibre fracture causing catastrophic crack 
growth through the composite. This is only likely to occur in a system 
where fibre strength variation is very low and the fibre failure strain 
is very high, coupled with a very brittle matrix. This is unlikely to 
occur in a practical material and is of little statistical (or 
structural!) interest. The cumulative fracture mode assumes that fibres 
fail at random until one cross-section becomes so weak it can no longer 
support the applied load and catastrophic fracture then occurs. This 
process is likely when fibre strength variation is high and composite 
strength will then follow a significantly different CDF from that of the 
single filament.
The simplest approach to predicting bundle failure is to assume that 
cumulative damage occurs but that a fractured fibre is unloaded along 
its complete length, the load being redistributed equally over the whole 
length of all the surviving fibres. This is the same as the ELS rule 
proposed by Daniels and Coleman for unsupported bundles and described by
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Gucer and Gurland [55] in application to impregnated bundles.
Experimental work has shown that ELS cannot be realistically applied to 
impregnated bundles and hence a more localised fracture mechanism must 
be used. This is best explained by considering figure 2.1(c) and (d), 
and assuming that fracture occurs when sufficient filaments in one 
mini-bundle have failed so that that cross-section can no longer support 
the applied load. This is the 'chain-of-bundles’ model originally 
proposed by Rosen [56], It has subsequently been adopted by numerous 
workers in this field. This model assumes that the bundle is composed 
of (m) mini-bundles each of length 26 (two-times the ineffective length 
for the system) and containing (n) fibres, the strength of which all 
follow a similar independent distribution function. When a fibre 
fractures a limited number of neighbouring fibres will be subjected to 
an SCF>1.0 according to a local load sharing rule. To simplify the 
model it is generally assumed that each fibre in the mini-bundle carries 
the same stress over its whole length, ie. there is no axial variation 
in SCF over the length 26 and any effects are contained within that 
mini-bundle. The use of the step-function approximation shown in figure 
2.8 can now be seen.
The strength distribution of a mini-bundle can then be described by its 
own CDF G„<m> and since the mini-bundles are all connected in series 
weak-link theory can be applied and the CDF for the whole composite will 
be given by where;
m»r» <x> — 1 — [ 1 Gn <x) ]m x >0 2.30
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cn <x> , the CDF of the mini-bundles is unfortunately difficult to define 
since it will be a function of F<x>, the CDF of the fibre, and also of 
the LLS rule within the bundle which will itself be affected by the 
relative mechanical properties of the fibre and matrix and the 
geometrical arrangement of the fibres. The other main variable which 
has to be estimated in modelling this type of system is 6, the 
ineffective length. The value of 26 taken by most of the original 
workers in this field is not actually the ineffective length of the 
failed fibre but rather the affected length of the adjacent intact fibre 
ie. that which sees an SCF>1.0. This will vary from system to system 
but a typical approximation is in the region of 10 fibre diameters 
either side of the fracture plane, this being the approximate value 
derived using an ideal shear-lag model such as Hedgepeth’s solution 
[73].
Using the static SCFs calculated by Hedgepeth, Zweben [57] extended 
Rosen's ELS model to a chain-of-bundles where LLS operated. The use of 
the LLS rule predicts the formation of a significant number of 
additional breaks due to overloading around single fibre failures, and 
at stresses where two adjacent breaks are likely to form simultaneously 
the model predicts catastrophic fracture.
Subsequently Zweben and Rosen [86] extended this work using the 
theoretical SCFs calculated by Hedgepeth and Van Dyke [74] to a 
three-dimensional square array bundle chain. They used a LLS such that 
only the four nearest neighbours were affected by a failure. They
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compare the probability of the material containing a 'crack' due to one, 
two or three adjacent fibre breaks to a Griffith type failure criterion 
[3] for a similar size crack in an homogeneous material and suggest that 
the formation of a multiple fracture group of a certain size could be 
used to define the fracture stress for the material.
Scop and Argon [87] and Argon [88] [89] used a similar analysis with a 
LLS rule affecting nearest neighbours only. They used a modified 
Weibull function to describe the fibre strength and calculated a 'stress 
enhancement factor’ on the surviving filaments around a fracture, these 
factors being numerically lower than the ideal constants used by Zweben 
and Rosen for similar arrays.
This purely statistical approach has recently been extended by Harlow 
and Phoenix [90-92] who have calculated an exact CDF for a small 
precisely defined fibre array. By using a circular array and an LLS 
rule which divides the load from a failure group equally onto the 
nearest surviving neighbours, they were able to compute an exact CDF for 
a bundle of up to 9 fibres. This calculation was based on an 
examination of all the possible fracture sequences which could occur 
within the array to determine the likelihood of each as the bundle was 
loaded.
Their results for bundles containing 1 to 9 fibres are shown in figures 
2.10(a) and (b). These show the CDFs for the bundles plotted on Weibull 
ln/lnln axes where (n) is the number of fibres in the bundle and the two 
plots are for fibres with shape parameters of 5 and 10 respectively. On
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these axes it can be seen that the CDF for a bundle containing 1 fibre 
is a straight line as would be expected from Weibull theory and that as 
(n) is increased the bundle CDF converges rapidly towards a limiting 
form of the distribution. Increasing the value of W, (ie. reducing the 
variation in fibre strength), results in this limiting form at a lower 
bundle size. Harlow and Phoenix note that the proof of this convergence 
as n tends to infinity is likely to be impractical due to the number of 
computations which have to be made for increasing bundle sizes but it is 
unlikely to differ significantly from the case where n=9.
In their early work [91] they showed that W was significantly higher for 
composite bundles than for single fibres (typically 20-50 compared to 
4-10), this being attributed to the unlikely occurrence of several 
single breaks together at low loads, thus reducing the measured strength 
variability in the system.
In a subsequent series of papers Harlow, Phoenix, Pitt and Smith [93-97] 
extend this work first to examine the model when used with a bi-modal 
Weibull distribution for fibre strength and then to determine the 
critical size of fracture groups for complete failure in both two and 
three-dimensional arrays. The use of a bi-modal distribution for fibre 
strength [94] with a higher W value at the upper end of the distribution 
is shown to have very little effect on the bundle CDF lower tail, and 
similarly to Zweben and Rosen [86] they establish that there is a 
critical number of adjacent failures (k^ ) when catastrophic failure will 
initiate, k*** being of the order of 3. In addition they note that the 
value of Wb (the shape parameter for the bundle) can be estimated by;
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wb - k~ . WT 2.31
where Wr ±s -^jje shape parameter for the single filament. Their work on 
three-dimensional arrays [96] suggests that Wb is relatively insensitive 
to the array geometry but that the median strength of the distribution 
is affected.
Like Hedgepeth [73] they acknowledge that the LLS rule they adopt 
throughout this work is probably too severe for a real material and that 
in practice interfacial debonding etc., will result in less severe load 
sharing and that consequently the bundle CDF is unlikely to converge as 
rapidly with increasing size as they suggest. For the same reasons a 
realistic value of k~ is likely to be greater than 3.
Bergman [98] presents an analysis similar to the original work of Harlow 
and Phoenix [90] [91] but slightly more generalised although still 
dealing with the special case of a 2-D array. He obtains similar 
results and suggests that matrix effects could be incorporated into the 
model.
Prior to the work of Harlow et al, Barry [99] proposed a model based on 
a finite element analysis which allowed some adjustment for these 
effects. This used a chain-of-bundles approach similar to Zweben's [57] 
[100] but replaced the mini-bundle length 26 (twice the ineffective 
length of the failed fibre in this model) with the 'positively affected 
length’ (PAL) of the intact neighbours. This value is assumed to be
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affected not only by the fibre/matrix mechanical properties but also by 
the fibre spacing, debond lengths etc. Barry also proposes a system 
which allows for the axial variation in SCF along the PAL and suggests 
that this model could also allow for variation in elastic modulus of the 
fibres although for computational simplicity he assumes it is constant 
here. He also assumes that for a large composite the fibre strength can 
be approximately described by a Gaussian function rather than a Weibull.
Stress concentration patterns are calculated using the finite element 
technique and both static and dynamic factors calculated using an energy 
balance system. For a perfectly bonded single fibre failure a maximum 
SCF of 1.103 is given, (Hedgepeth 1.33, [73]), whilst a group of 7 
adjacent failures gives an SCF of 1.410. An interesting advance over 
all the other models previously described is that Barry then assigns an 
SCF to both the nearest neighbours and next-nearest neighbours in a 3-D 
array. He uses a hexagonal array, the first ring of six fibres around a 
fractured filament being termed primary fibres and the second ring of 
twelve, secondary fibres.
The fibre fracture stresses of various types of carbon fibre composite 
were predicted in this way and found to agree well with experimental 
results, theoretical fibre debond lengths being estimated from pull-out 
tests. One of the most significant observations of this work is that 
small multiple fracture sites do not necessarily initiate fracture if 
the coefficient of variation of fibre strength is more than ~10%.
Barrys model shows that various sized groups of failed fibres are 
stable, ranging from 2 adjacent fractures when (CV=10%) to five
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when Wr~4 (Cv=25%), final failure initiating well away from these 
points. This of course suggests that even larger fracture groups are 
necessary to cause failure and is at variance with the early theories of 
Zweben and Rosen who suggested that only 2 or 3 adjacent fractures may 
initiate failure.
One of the few pieces of work to depart from this calculated fracture 
sequence type approach is that by Batdorf [1013 and Batdorf and 
Ghaffarian [102], which presents a model based on calculating directly 
the number of adjacent fractures required to constitute a Griffith type 
crack initiator at a given applied stress level.
Batdorf proposes a method for calculating the total number of flaws (Q4) 
containing 1,2,3,.....i fibre fractures which will have formed during 
loading the composite to a stress a. If it is assumed that the strength 
distribution for the fibres is Weibull then Batdorf shows that a plot of
ln(Qi) vs ln.(o) should be a straight line. Figure 2.11 shows a 
schematic of this plot for various (i) values. Following this figure, 
as the load on the material is increased the first ’singlet’ (single 
fibre fracture) will form at ov. The number of singlets will increase 
with increasing load to Q0_, when they will form doublets due to 
overloading of the neighbouring fibres. Any singlets forming at 
stresses above a= will immediately cause fracture of one of their 
neighbours giving doublets. These will form triplets at o3 and 
quadruplets at o4. Since the i=5 line originates below 0=1.0 any 
quinteplets will immediately form larger fracture groups and 
catastrophic fracture will occur.
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This plot is comparable to a Weibull ln/lnln plot and can be interpreted 
in a similar way to the plots of Harlow and Phoenix (figure 2.9). Both 
methods show that increasing the bundle size leads to a decrease in the 
strength variation within the bundle, ie. W„ is proportional to n. 
Batdorfs method also shows that at low stresses multiple fracture sites 
are necessary to cause catastrophic fracture whilst at higher stresses 
single fractures may give failure. This agrees with the crack 
instability model used here and also with the earlier statistical models 
of Zweben [57] and Rosen [56].
Batdorf [101] compares his results for bundle CDFs with those of Harlow 
and Phoenix [91] and shows that they agree to within 5%, a difference 
which will be indistinguishable once matrix effects are taken into 
account. Batdorf and Ghaffarian [102] compare their theory with 
experimental data from a range of workers, using the stress 
concentration factors developed by Hedgepeth and Van Dyke [74] for 
multiple fibre fractures. Batdorf takes data from single fibre tests 
and together with SCFs and an estimate of the 'effective length' of a 
fibre adjacent to a failure calculates the values of aaf the 
intersection of the various singlet, doublet, triplet etc., lines in 
figure 2.10. From a plot of ln(ar) vs ln(V) it is possible to calculate 
the Weibull shape parameters for the various bundle sizes and thus 
produce a plot of In(a) vs ln(QA) for any volume of material, ie. any 
coupon size.
Using this method with the experimental data of Bullock [103] Batdorf 
again finds a discrepancy of ~5% between the theory and the data for
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tensile strength of coupons, however his calculated values of W are 60 
whilst the experimental data shows a much higher variation with W*24.
It is suggested that this discrepancy may be due to bending induced 
during tensile loading, but the change in W represents a change in Cv 
from only 2% to 5% which is not particularly significant.
The i-plet model of Batdorf and Ghaffarian and the statistical analysis 
of Harlow and Phoenix, whilst examining the estimation of bundle CDF 
from two quite different viewpoints give very similar results, both 
predicting critical flaw sizes of 3-4 adjacent failures. Other than 
this work little has been done on statistically analysing the 
relationship between the strengths of single fibres, small impregnated 
bundles and large composite specimens.
Priest [33] examined carbon tows as fibres and impregnated bundles in a 
glass/carbon/epoxy hybrid system. He showed that the shape parameters 
for these systems were significantly different, impregnated bundles 
showing much less variation and higher mean strengths than single 
fibres. In their analysis of Priests data however Watson and Smith 
[104] suggest that impregnated bundle materials are not ideal Weibull 
solids and do not obey the weak-link scaling model, agreeing with the 
comments of Batdorf.
Also examining carbon/glass hybrids Manders and Bader [32] [105] found 
Weibull shape parameters for impregnated materials ~3x those of the 
fibre indicating a critical i-plet size of about 3 if the model of 
Harlow and Phoenix is used and agreeing with the theoretical value
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estimated by these workers [91].
In further work on hybrid composites, Bader and Pitkethly [106], 
examined unidirectional tows of carbon filament in a linear array within 
a glass fibre/epoxy resin matrix. They present a modified local-load 
sharing rule to account for the two-dimensional geometry of the system. 
The conventional LLS rule of transferring the load from failed fibres to 
all the surviving neighbours can be written as follows where (F) is the 
stress-concentration factor;
= a0id . C 1 + (i/F) 2.32
where i is the number of failed fibres. On the basis that this
essentially refers to load-sharing in a circle of fibres, (such as 
Harlow and Phoenix’s model), Bader and Pitkethly [106] use the square 
root of the number of failed fibres, this representing the change from 
the area of load transfer to the ’line-length’ of load transfer 
applicable in a 2-D array;
- Coic, . [ 1 + (ofi/F) ] 2.33
In addition to actual experimental observation Manders, Bader and Chou 
[107] used a Monte-Carlo simulation process similar to that used by 
Barry [99] to model the sequential fracture of fibres as a bundle was 
loaded. They examined 3-D square arrays using both ELS and LLS rules 
and again found that the predicted shape parameters for bundles appeared
to follow the (i-plet x WT) rule. They observe however that as bundle
size is increased the convergence of the bundle CDFs is much slower than
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that shown by Harlow and Phoenix [91] and also slower than that 
calculated by Oh [108] in a similar Monte-Carlo study of a 
two-dimensional system. Manders et al suggest that this is possibly due 
to the 3-D model involving larger number of fibres in LLS and having 
free edges, these effects tending to allow ’branching’ of fracture 
sequences which does not occur in the planar model.
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LOG 10
Kevlar
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fibre type I
Carbon/epoxy
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Epoxy
resins ^  Al alloys 
I# low-alloy Fe
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Figure 1.1 Plot of specific stiffness vs specific strength for 
a number of common materials, both metallic and 
non-metallic.
25 26
<a> single Fibre <b) bundle oP single Fibres
26
26
<c> chain oF Fibre links <d) chain oF bundles
Figure 2.1 Schematics of the fundamental units of a fibre 
bundle. Individual links are assumed to have a 
length equal to twice the ineffective length for 
the system (section 2.5.3).
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Figure 2.2 Weibull probability density functions for values of 
W between 1 and 10 and XQ = 2.5. Mean of 
distribution tends towards X0 as W increases.
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Figure 2.3 Weibull cumulative distribution functions (CDFs)
for curves shown in figure 2.2. Note: reduction in 
variability as W increases and all curves pass 
through X0 at the same value of P C u r v e s  
represent the integrals of 2.2.
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Figure 2.4
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Figure 2.6 Schematic of interfacial shear stress and fibre
tensile stress distributions calculated using Cox's 
analysis for a single fibre in a matrix under an 
applied tensile loader
Seperation 
2-5 diams.
Intact Fibres
Fractured Fibre 
no matr i x mater i aI 
between ends
Figure 2.7 Schematic of model system used by a number of 
authors for photo-elasticity investigations of 
stresses around a single fibre fracture in an 
impregnated bundle of fibres £663
by
tensile stress 
in Fibre
rill
Curve approximated to 
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Separation less 
than -*5 diams.
Figure 2.8 Schematic of the form of tensile stress
distributions carried by a filament containing a 
single fracture and by the adjacent intact filament 
which may carry part of the load from the failed 
filament.
<a> Good interPacial bond,
Poor matrix tensile strength, 
Localised disc cracking.
<c) Good interPacial strength,
Poor matrix tensile strength,
Cone cracks Form on planes oF maximum 
tensile stress <>M5" to Fibre axis).
<b) Poor interPacial strength, 
Good matrix tensile strength, 
InterPacial debonding.
Figure 2.9 Schematic of various resin cracking modes around a 
single fibre fracture depending on the relative 
fibre strength, interfacial shear strength and 
matrix toughness. £.690
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Figure 2.11 Schematic of ln(stress) vs number of i-plets plot 
based on the model of Batdorf [tov]
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3 Experimental
3.1 Materials Selection
Since this project was based on an examination of the behaviour of a 
purely model composite system there was an unusual freedom of choice in 
the selection of materials to use.
The main requirements which determined the choice of fibre and matrix 
can be summarised as follows:
FIBRE;
To simplify handling of long lengths (100's of mm) of single fibre it is 
convenient to use a large diameter filament (principally because the 
larger the diameter the easier it is to see the fibre and the higher the 
load required to cause fracture). A large filament has the additional 
advantage that it is sufficiently stiff and stable to allow manipulation 
of fibres into closely separated, but precisely aligned arrays. Large 
diameter (>100Mm) fibres are primarily available as ceramics such as 
boron and silicon carbide and as metal filaments eg; iron, copper and 
tungsten. The ceramic fibres although normally having a wider strength 
distribution than the metal filaments are generally of more interest for 
use in composite materials owing to their higher elastic moduli and for 
this project a brittle fibre was required so that the relevance of 
Weibull statistical models could be examined.
MATRIX;
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The main requirements of the matrix material for this model are to 
support the fibres, and when one fractures, to redistribute stresses to 
the adjacent matrix and fibres. To simplify observation of these 
processes a transparent and (ideally) photo-elastic matrix is necessary. 
Conventional epoxy systems offer the required transparency and 
stress-optic behaviour but were found to be too brittle to give the 
desired degree of toughness. Recent developments in toughening and 
flexibilising of epoxy materials, however, now mean that transparency 
and toughness may be combined in one resin provided a deterioration in 
the elevated temperature properties of the material is acceptable [109]..
:::!
These considerations led to the choice of the 100pm diameter silicon 
carbide (SiC) fibre produced by Sigma GmbH of West Germany, and two 
different resins, a flexibilised epoxy system and a
polymethylmethacrylate (PMMA) material. The epoxy is based on the j
commercial Epikote 828 / Epikure NMA system with K61B accelerator ^
marketed by Shell chemicals Ltd. Toughening of this material was 
achieved by the addition of polypropylene glycol supplied as a 
flexibiliser by Ciba-Geigy resins under the code number DY040. The 
828/NMA/K61B system was chosen for its well understood properties and 
the ease with which it can be partially cured to give a handleable 
’B-staged' material which may be fully cured in a subsequent heating 
process. The PMMA resin was produced by bulk polymerisation of 
methylmethacrylate monomer containing a benzoyl peroxide catalyst.
Silicon carbide fibre is produced either by chemical vapour deposition 
(CVD) of SiC from a chloro-silane gas mixture onto a substrate at
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1200-1400°C or by pyrolysis of an organometallic precursor fibre. The 
latter type of filament has a relatively small diameter (£15pm) and is 
marketed as a fibre yarn by the Japanese company Nippon Carbon under the 
tradename ’Nicalon'. The small diameter of this filament restricts its 
use in this project for the reasons already explained.
CVD produced SiC is currently available in two forms, one produced on a 
metal substrate and one on a ceramic. The fibre produced by Sigma uses 
a 12 or 14pm diameter mechanically drawn tungsten filament as a
i
substrate. A second type of SiC filament produced by the AVCO companyj 
in the USA uses a carbon fibre monofilament core (typically about 30pm 
diameter). This latter material is claimed to have superior mechanical 
properties to the metal cored fibre but suffers from the disadvantages 
that it is significantly more expensive (largely due to the cost of 
producing the carbon core) and is currently almost impossible to obtain 
outside the United States.
In both materials the substrate is electrically resistance heated to the 
deposition temperature. The ceramic grows out from the core as 
microcrystalline nodules, which are typically £4-7pm diameter at the 
surface of the completed filament. It is this ’nodular' growth 
mechanism which gives CVD produced SiC and Boron filaments their 
characteristic ’corn-cob’ surface appearance (figure 3.1).
A single reel containing a continuous 9.97Km length of 12pm tungsten 
core SiC filament was supplied for this project by the UKAEA metal 
matrix composites group at the Harwell research establishment.
Additional samples of fibre and of the tungsten substrate alone have 
been supplied by Sigma GmbH.
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3.2 Experimental Programme
The experimental programme for this project can be divided into a number
of sections:
1. Determination of the cumulative distribution function (CDF) for 
single fibre strength over a range of gauge lengths (when tested in 
air at room temperature), this work including measurement of the 
fibre diameter and tensile elastic modulus.
2. Embedding of single filaments in resin to determine the CDF of the 
fibre in resin when loaded in tension and also to allow examination 
of effects such as resin cracking and interfacial debonding around 
individual filament fractures.
3. Tensile loading of embedded planar arrays of aligned fibres to 
determine the effect of varying fibre separation on the strength of 
the array (or ’bundle') and on its fracture behaviour.
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3.3 Measurement of Single Filament Mechanical Properties
3.3.1 Fibre Diameter Measurement
Localised variations in fibre diameter may lead to changes in the flaw 
distribution both in and on the fibre (section 2). It is thus desirable 
to make a systematic examination of the filaments which are to be tested 
to look for this type of effect. A number of established techniques are 
available for measuring the size of filaments with diameters below 
~250pm.
The scanning electron microscope (SEM) provides a relatively simple 
method for examining short lengths of fibre (<20mm) for local (short 
range) changes in diameter. It has an advantage over other measuring 
techniques in that the fibre surface may be simultaneously examined for 
defects and imperfections. A Cambridge S100 stereoscan SEM fitted with 
an electronic system for measuring distances between points was used in 
this work. The apparatus was found to give a resolution of ±1% using a 
100pm calibration wire. Since this electronic system simply calculates 
the distance between two points, it has the advantage that fibre 
diameters may be measured across a single, accurately defined 
cross-section, all the other methods used take some form of average or 
maximum reading over a definite length of fibre ranging typically from 
l-5mm. It has the disadvantage however, that once prepared for the SEM 
a fibre sample cannot easily be used for any mechanical testing work.
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Three other methods were initially tried for measuring the diameter of 
the single fibre samples which were to be used to examine the strength 
distribution of the material. Two were non-contacting methods; laser 
diffraction [110] [111] and optical microscopy using image shearing or 
micrometer eyepieces. The third was a mechanically contacting method 
using a vernier screw micrometer. These systems were all compared with 
each other and with measurement of a limited number of samples in the 
SEM.
Laser diffraction is a technique commonly used on small diameter 
filaments such as carbon and glass, (although the latter is more 
correctly a combination of diffraction and refraction). The principle 
is illustrated in figure 3.2. The laser, filament and a screen are 
aligned on an optical bench allowing the laser beam to diffract around 
the edges of the opaque fibre. This produces a Fresnel diffraction 
pattern of fringes on the screen. By varying the fibre-to-screen 
distance the fringe spacing can be changed, and hence for filaments 
which are all of similar diameter a specific fringe can always be set at 
a certain distance from the zero-order straight through beam, simply by 
moving the fibre back-and-forth. The only measurement which then needs 
to be made to calculate the filament diameter is the relatively large 
(and hence it can be measured relatively accurately) fibre-to-screen 
distance. For the filament used in this study it was found convenient 
to position the eighth minima of the fringe pattern 100mm from the zero 
order maxima. The fibre diameter (dr) may then be calculated using the 
following relationship:
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d* = [15$ / 2 3. *T[ 0.25 + (A/B)2 ]
where $ = laser wavelength (m),
A = screen-to-fibre distance (m),
B = length over which first 8 fringes are spaced, (100mm here).
In practice, using a 632.8nm wavelength Helium-Neon laser (2mW power) 
with the approximately lOOpm diameter filament gave fibre-to-screen 
distances of ~2.3 metres. It was found that this distance could be 
altered by up to 1.5% without significantly altering the scale of the 
diffraction pattern. This variation translates into an error of ±0.75% 
in the final calculated value of the fibre diameter.
Optical microscopy is equally quick and simple to apply to filaments 
which are subsequently going to be tensile tested. Using a standard 
optical microscope and viewing a fibre with reflected illumination and 
an image shearing eyepiece or transmitted light and a micrometer
eyepiece an average reading for the fibre diameter over approximately
1mm can be taken. The image shearing eyepiece gives two images of the 
filament, one red, the other green. The relative positions of the two 
images are controlled using a vernier screw which adjusts the position 
of a beam splitter. In use the images are first placed adjacent to each 
other and their positions then transposed. The fibre diameter is 
calculated from the difference in the two vernier readings. Errors of 
±1.0% are typical following calibration with a wire of known diameter. A 
conventional vernier micrometer eyepiece was found to give similar 
accuracies. The use of transmitted rather than reflected light with 
this eyepiece however, means that more care must be paid to correctly 
focussing the image before measurement. Light diffracting around the
78
edges of the sample can otherwise cause significant variation in the 
apparent diameter.
The laser and optical microscope results were compared with measurements 
taken using a vernier screw-micrometer which could be read to the 
nearest 0.5iim. Provided care was taken with the handling of this 
instrument, this accuracy could be regularly achieved and repeated 
measurements on short sections of fibre gave typical errors of ±1.0%.
The nature of a micrometer means that it measures the maximum dimension 
of a sample, however the mean readings from all the methods including 
this and the SEM agreed to within 1.5%. On this basis, and since the 
errors from the various methods were all very similar the micrometer was 
used for the rest of the work largely because of its convenience. The 
only problem with this system is that the fibre may be damaged by 
contact with the micrometer faces. Throughout the single filament tests 
however, there did not appear to be any significant connection between 
the points/at which the micrometer was applied to the filaments and the 
points at which fracture subsequently occurred.
3.3.2 Measurement of Elastic Modulus of Single Filaments
Since the modulus of an isotropic material is a constant, variation in 
the measured values are almost certainly due to local changes in other 
material properties such as the fibre diameter [104]. Because of this 
possible variation and because an accurate value of the fibre tensile
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modulus would be needed for the later work on embedded systems, it was 
desirable to measure extension or axial strain on the single fibre test 
samples in addition to applied load.
The nature of high-modulus ceramic filaments means that they generally 
deform almost completely elastically to failure but tend to have 
relatively low failure strains due to their susceptibility to surface 
defects and damage (section 2). In this respect the Sigma SiC fibre is 
fairly typical having a nominal elastic modulus of 375 GPa 
(manufacturers data), whilst a small number of preliminary tests on 50mm 
lengths of the filament gave tensile failure strains of only 0.6-0.8%. 
For a 5mm gauge sample this corresponds to an extension of about 35pm at 
fracture. A suitable extension measuring system thus needs a resolution 
of about ±lpm (5% of failure extension) to give reasonable accuracy for 
calculating modulus, given the associated errors in measuring applied 
load and filament diameter.
The small size and general fragility of most monofilaments makes the use 
of conventional techniques for strain measurement such as bonded 
resistance strain gauges or mechanically attached clip-gauges 
(extensometers) impractical. One of the commonest methods for measuring 
axial strain on fragile samples is to glue a reflective marker at each 
end of the specimen gauge length and to then monitor the relative 
displacement of these markers throughout the test using an optical 
tracking system. This type of apparatus (often termed a 'non-contacting 
extensometer') is available commercially as a standard accessory from a 
number of mechanical testing equipment manufacturers such as Instron and 
Lloyd. In practice however, only a very limited number of commercial 
instruments possess the required displacement resolution and are
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designed to be used on very short samples (<10mm gauge length). These 
particular instruments are (inevitably) expensive and the cost of such a 
specialised device could not be justified solely for this project. 
Although commercial extensometer devices are expensive the principle of 
an optical tracking system is fairly simple and could be constructed 
'in-house' relatively cheaply. This was the solution adopted by Crane 
and Krukonis [112] in their examination of the effect of temperature 
variation on the tensile modulus of both SiC and alumina filaments.
Apart from Crane and Krukonis only Ahmad and Hill [113] have published 
details of a systematic examination of the modulus of this type of 
material. In their work, rather than measuring fibre extension under 
load and determining the tensile modulus of the filament directly, the 
modulus in bending was measured using a vibrating reed technique 
originally developed by Cummerow and MacDonald [114]. This method uses 
a length of filament mounted as a cantilever on a table which can be 
vibrated at known frequencies using an electronic oscillator. The 
frequency of vibration at which a particular length of filament 
resonates ds measured and the modulus of the fibre then calculated using 
the value of this frequency together with the density of the fibre and 
its aspect ratio. The only disadvantage of this system is that the 
measured bending modulus may be different &©• the true tensile value 
because of the cored structure of the filament, although an allowance 
could be made for this.
Before attempting to develop any sort of moving optical or mechanical 
strain measurement device a number of relatively simple stationary 
techniques were investigated for direct determination of the fibre
81
extension under load. These centred on two fields; 1) the measurement 
of the change in electrical resistance of the fibre as it extended, ie; 
to use the filament as a resistance strain gauge; and 2) the observation 
of the change in a diffraction pattern produced by a laser directed 
either at the fibre or at an arrangement of markers attached to it, this 
representing a step towards a conventional optical tracking system.
The use of the fibre as a resistance gauge whilst appearing relatively 
simple to carry out was limited by the difficulty of obtaining a good 
(and reproducible from fibre-to-fibre) electrical contact with the two 
fibre ends. The resistivities of SiC and tungsten are siSO&cm and 
5.6p&cm respectively, consequently the measured resistance of the fibre 
varies enormously depending on whether contact is made with the 
tungsten, the SiC or with both. Electrical contact was made with the 
filament either by dipping the ends of the fibre in mercury, or by 
coating them with quick-drying silver paint {'DAG'). Neither of these 
gave a reliable contact however, and measurements of the sort of 
resistance changes expected (0.25 Ohms in the tungsten and 91,000 Ohms 
in SiC over a 100mm length and 0.5% extension) proved impractical. One 
method used for the tensile loading of filaments is to clamp them 
between grips coated with soft aluminium foil. In their work on the 
measurement of filament properties at elevated temperatures Ahmad and 
Hill [113] used this foil as an electrical contact to apply a potential 
to the fibre, causing resistance heating. Unfortunately, it was found 
that the pneumatic grips which it was desirable to use in this current 
project had insufficient contact area to load the filament to failure 
without the use of some form of backing tag for the clamped length of
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the fibre, this making electrical contact with the clamped section of 
the filament difficult.
The use of an optical measurement technique showed more promise at this 
stage. Two laser systems were investigated, the first measuring changes 
of transverse strain in the fibre by observing the Fresnel diffraction 
pattern produced by directing a laser beam at the fibre perpendicular to 
the loading axis, axial strain then being calculated from an estimate of 
Poisson's ratio. The second system was based on observing the change in 
fringe spacing of the diffraction pattern produced by directing the 
laser onto a slit formed by two marker flags, one attached to the fibre
and one held stationary (figure 3.3). An aluminium foil flag was
attached to the filament using cyanoacrylate adhesive and a second flag 
mounted on a micrometer screw positioned adjacent to this, giving a slit
<10pm wide perpendicular to the fibre axis. This slit gave a
diffraction image with a fringe spacing of several tens of mm at the 
start of the test. The markers were arranged so that the slit became
wider as the fibre extended, and thus the fringe spacing decreased.
For both the Poisson's ratio technique and this method a photocell was
fixed in place as part of the screen where the diffraction pattern
formed behind the filament, (figure 3.3). As the fringe spacing changed 
due to the fibre extending, then a series of bright and dark fringes 
moved across the position of the photocell. By monitoring the output 
voltage caused by this, the fringe separation at any time during the 
test, and hence the extension of the fibre, could be calculated.
Both these measurement systems proved impractical however, largely due 
to the inherent vibration in the tensile testing equipment. For all
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this work Instron model TTM bench-top and 1175 floor standing tensile 
testing machines were used. These machines are of the older Instron 
type with an amplidyne in the base of the testing frame. The slight 
vibration caused in the frame and cross-head by the operation of the 
amplidynes was sufficient to cause large and irregular fluctuations in 
the diffraction images, making accurate measurements of the fringe 
spacing impossible.
These results showed that the use of any form of high accuracy optical 
measuring system would necessitate the construction of a special loading 
system as well as an extension measuring unit, (this was also the end 
result of Crane and Krukonis' work). Again, whilst not completely 
impractical this was undesirable both because of the production cost of 
such a device with accurate load and extension measuring systems and 
because of the time involved in actually developing it.
As a result of these various problems the system finally adopted does 
not measure actual fibre extension but rather gives an 'exact' measure
of the grip separation during a test. Using a pair of matched linear
variable displacement transducers (LVDTs) mounted one on each side of 
the grip heads (figure 3.4) effects such as load cell compliance, 
movement as the grips align, and any 'slack' in the fibre are removed 
from the measure of fibre extension, giving a more accurate reading than 
simply using the cross-head displacement of the testing machine.
A pair of transducers designed to give a resolution of ±2.5pm were
fitted to the grips as shown in figure 3.4. The primary coils of these
transducers were wired together in parallel and the outputs from the two 
secondary coils linked in series so that the final output gave a single
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reading equivalent to the arithmetic mean of the displacements on each 
side of the grip head.
To further ensure that erroneous grip movements were limited, four 
stainless steel rods running in PTFE sleeves were mounted in the same 
fittings which held the LVDTs, effectively linking the grip heads 
together (figure 3.4). These rods ensured that the grips could only 
move along the tensile loading axis of the system and in addition could 
be locked in position to stop all movement while filaments were placed 
in the grips. The amount of friction in this arrangement was found to be 
negligible compared to the load carried by the filament.
Using this system grip separation could be measured with an accuracy of 
±2.57. over a maximum extension of 5-6mm. This was the limit of the 
linear range of the transducers and was also the approximate failure 
extension on the longest single filament samples it was intended to 
test, 500mm.
3.3.3 Tensile Loading of Single Filaments
Fibre tensile strength is a function of the length (equivalent to the 
volume) of material tested, hence to determine the cumulative 
distribution function for a filaments' strength, tests must be made over 
as large a range of gauge lengths as possible (see sections 2.2, 2.3). 
Although an unsupported single fibre can fracture only once, a filament 
embedded in resin may fracture many times until the lengths of the 
remaining fragments approach the value of the critical length for the
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system [1]. Since there is evidence to suggest that the strength of 
many types of fibre deviates from the two-parameter Weibull model at 
very short gauge lengths [50], it is desirable to test the minimum 
length of material possible.
In practice, obtaining meaningful strength data from tests on very short 
lengths of filament is hampered by premature*fracture occurring adjacent 
to the fibre grips. These failures are the result of stress 
concentrations caused both by the geometry of the area where the fibre 
leaves the grip and also by misalignment of the grip heads causing 
bending moments to be applied to the filament.
Figure 3.5 a,b,c shows schematically how these stress concentrations 
might arise in a typical clamp loading system. In practice fibres are 
generally glued into some form of grip fitting with an adhesive, this 
being the simplest way to obtain even load transfer from the clamps to 
the filament. A ’good' adhesive is one which will readily wet the fibre 
surface and hence is likely to run onto the gauge length portion outside 
the clamp. Provided this region of excess resin is small it will carry 
negligible tensile stress compared to the fibre but will act to 
significantly reduce stress concentration caused by clamp geometry,
[213.
In testing ’large’ diameter filaments bending moments, caused by grip 
misalignment (figures 3.5b,c) are of more importance, particularly at 
short gauge lengths. For a well engineered loading system figure 3.5b 
is the most likely effect to occur due to the fibre being incorrectly 
placed relative to the loading axis.
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To ensure that such moments are minimised it is necessary to either use 
a self-aligning grip system or to have the grips rigidly mounted so that 
they cannot move relative to one another except along the loading axis, 
and to then ensure that the filament is precisely aligned along this 
axis.
Self-aligning grip systems have been used on large diameter SiC and 
alumina fibres by Crane and Tressler [46,112,115,116] and on boron 
filaments by Street and Ferte [21]. The simplest of these methods 
consists of glueing both ends of the fibre into long (-50mm) hypodermic 
tubes. The free ends of these tubes are oversize and fit into pivot 
bearings which form the clamps, thus allowing the fibre to find its own 
equilibrium position along the loading axis.
For very short gauge lengths (0.5-5mm) this technique has proved 
relatively successful. For longer lengths however, simpler methods can 
be used since the bending moments which will be imposed on the fibre 
rapidly decrease with increasing gauge length. Tressler and Crane [116] 
used a standard window card technique for testing 250Mm alumina 
filaments whilst both Gruber [36] and Ahmad and Hill [113] in work on 
100pm SiC fibres simply gripped filaments using pneumatic clamps coated 
with pure aluminium foil.
After a number of initial tests it was decided for this project to 
concentrate on testing fibres with gauge lengths >10mm using a 
conventional window-card method. This was mainly for reasons of speed 
and economy in view of the large number of tests which would have to be 
performed. The problem of grip head alignment was solved by using a
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'rigid' loading system as described in section 3.3.2 (figure 3.4), and 
in addition by making the cards or tags the fibres were mounted on the 
same dimensions as the grip faces it could easily be ensured that the 
filaments were aligned correctly along the loading axis of the system.
A two-pack 'Araldite' slow-curing epoxy adhesive was used to glue fibres 
to conventional white window-cards with the appropriate length of 
cut-out. Problems were initially encountered with cards slipping out of 
the pneumatic grips during testing. This was found to be due to poor 
mechanical contact between the flat grip faces and the uneven surface of 
the adhesive. An aluminium end-tag was designed to avoid this, the 
fibre lying in a groove in the tag so that there was the maximum contact 
area between the grip faces and the tag (figure 3.6). It was 
subsequently found however that by using a hot-air blower to warm the 
araldite as it was applied to the standard window-card, the adhesive 
could be made to spread in a smooth layer which gave adequate grip 
contact, making the use of the metal tag unnecessary.
88
3.3.4 Summary of Single Filament Tensile Testing Conditions
Single filaments with gauge lengths of 10, 50, 100, and 500mm were 
tested. Samples of fibre were taken sequentially from the reel of 
material but were then placed at random into the four gauge length 
groups so that if a significant length of filament was damaged or 
defective it would not be confined to only one test group.
Filaments were glued to conventional window-cards using a proprietary 
epoxy adhesive. The cards were clamped in Instron type 3B pneumatic 
grips which were instrumented with a matched pair of LVDTs to give an 
accurate measurement of grip separation during the test. In addition 
the two grip heads were held in alignment throughout the test by a 
system of ’rigid’ rods.
All single filament samples were loaded in an 1195 (1115 frame) Instron 
screw-driven machine fitted with a type CTM (O-lOOKg) load cell. The 
pneumatic grips had a 25mm square contact face area and were coated with 
320 grit SiC paper to aid loading of the samples. Tests were all carried 
out at the same strain rate of 1.67xlO-=Sec-1 (0.001 min-1) to eliminate 
strain rate effects, although work by Kotchik and Tressler [115] 
suggests that strain rate has a negligible effect on fibre strength over 
several orders of magnitude above this. A very slow loading rate was 
used since this would be needed in the later tests on embedded filaments 
to allow accurate observation of damage development sequences.
During each test an X-Y plot of resultant grip separation vs applied 
load was recorded, and together with fibre diameter, (measured before 
testing), this allowed calculation of fracture stress, failure strain 
and elastic modulus for each filament tested.
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In some cases it was desirable to retain the filament fracture surfaces 
for fractographic examination. A Cambridge S250 SEM was used for this 
work. The recovery of these fracture surfaces posed an initial problem 
since the high amount of elastic strain energy stored in this large 
diameter fibre at failure tends to cause it to rupture explosively along 
most of its length at fracture. This problem is particularly apparent 
in the longer gauge length samples. To try and contain the fibre in 
just two pieces after failure a gelatine pack ~3mm thick was applied 
around the fibre and supported in place with a thin polymer film 
attached to the upper part of the window-card. This is similar to the 
technique used by Breedon-Jones et al [10] and by Fukunaga [42]. After 
testing the gelatine was removed by washing in warm water and the 
filament then prepared for SEM examination in the normal way.
In addition, tests were carried out at one gauge length (50mm) on 
samples of the 12pm tungsten filament used as the substrate in the SiC 
fibre. These tests used the same apparatus and conditions as the SiC 
tests except that the filament yield stress and strain were also 
calculated and diameters were measured by laser diffraction.
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3.4 Examination of Fibres and Fibre Arrays in a Resin Matrix
When tested as a single filament, a fibre is effectively loaded directly 
in tension. Once embedded in a matrix however, it is indirectly loaded 
by shear stress transfer along the interface. As a consequence, if the 
fibre is well bonded to the matrix then when the filament fractures only 
a small length may become unloaded (section 2.5), and further fractures 
may occur in other parts of the filament at higher applied loads.
When testing an array of filaments embedded in a matrix, effects such as 
localised matrix cracking and stress re-distribution around these 
failures will play an important part in further damage development.
This section of the experimental work was largely involved with 
examining these effects in addition to the mechanical properties of the 
embedded fibre. The properties of fibres coated with ’thin' (5-50pm) 
and 'thick' (2mm) layers of epoxy resin (828/NMA/K61B/DY040), and 
'thick' (2mm) polymethylmethacrylate were examined. To distinguish the 
two coating techniques the 2mm coated filaments are generally referred 
to as embedded fibres and the thinner coated filaments simply as coated 
fibres. Although the method for coating fibres with thin layers is 
described first, this work was actually carried out to try and resolve a 
discrepancy between the results obtained in the embedded testing and 
those from the uncoated single filament tests.
The cure schedules and proportions of the constituents of the resin 
systems used in all the following methods are detailed in table 3.1.
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3.4.1 Coating of Fibres with ’Thin' Resin Layers
'Thin' resin layers were applied to filaments using a continuous coating 
system developed from an apparatus designed for impregnating fibre 
bundles [117]. The original system was designed to continuously draw a 
fibre bundle (or ’tow') from a spool of material, and then pass it 
through a resin impregnation bath and a vertical tube furnace. For the 
purpose of this project the apparatus was modified so that once ~5m of 
monofilament had been removed from the spool the fibre could be cut and 
the two ends joined to give a single loop which could then be passed 
repeatedly through the resin bath and furnace. The lm long furnace was 
held vertically to ensure that the filament passes along the centre line 
of the tube away from the walls. This arrangement is shown in figure 
3.7. The SiC fibre is very susceptible to surface damage and cannot be 
bent around small radii without at least weakening the filament if not 
breaking it. As a result, extreme care was taken in the construction of 
this apparatus-to ensure that the fibre loop passed only loosely over 
all rollers and guides and that radii of curvature on these parts was at 
least several 10s of millimetres. The only point at which the moving 
filament was held tightly against a surface was in the hauling rollers 
(figure 3.7) which were covered with a high density closed-cell 
polyethylene foam to grip the fibre without damaging the surface.
To allow relatively precise control of the coating thickness the resin 
was applied in a series of very thin layers until the desired thickness 
was reached. The 828/NMA/K61B system has the advantage that it can be
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readily part-cured to a stiff and handleable ’B-staged’ state which will 
soften and flow on reheating to the cure temperature. A temperature of 
120°C at the top of the furnace with a fibre haul-rate of 35mm/min was 
found to give a resin coating which was tacky on leaving the furnace but 
rapidly solidified on cooling to room temperature. To ensure that the 
resin wetted the fibre evenly and did not form discrete globules £20wt% 
of acetone was added to the epoxy to dilute it and reduce its surface 
tension [118].
Using this resin dilution and heating cycle a gelled coating *5pm thick
was deposited on the fibre with each pass round the system. When the
required thickness was reached the resin bath was removed but the 
heating cycle continued until each part of the filament loop had been 
heated to 100°C for 3hrs, the correct curing schedule for the 
828/NMA/K61B system. Samples were then cut from the loop and postcured 
in an air-circulating fan oven for 3hrs at 150°C.
The coated filaments were glued to window cards and tested using the 
same apparatus and methods as the uncoated fibres, (section 3.3.4), 
applied load and extension at failure being measured together with the 
overall diameter of the coated filament.
3.4.2 Embedding of Single Fibres in ’Thick* Resin Coupons
Resin coupons 4mm thick with single filaments or precise two-dimensional 
arrays aligned along the loading axis were produced using the method 
shown in figure 3.8. The production and testing of fibre arrays is 
described in the next section, however the procedure for moulding and
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testing the coupons is basically the same. Using this method 
practically any thickness of sample could be produced from ~1.0mm 
upwards, 4mm was chosen to ensure that any resin cracking caused by 
filament fractures would be contained within a large volume of material 
and would not be affected by the proximity of the coupon edges.
The fabrication process basically consists of first producing a frame 
which has fibres glued to it in the positions where they will appear in 
the final moulding. This frame is then sandwiched between two glass 
plates and the resulting mould filled with resin and cured. In practice 
the process is much more complicated and went through many evolutionary 
steps before reaching its final form. Above all the necessity for 
precise, careful work in the positioning of the fibres and the use of a 
spotlessly clean mould cannot be stressed too highly if optically clear, 
and reproducible samples are to be made.
The fibres to be embedded were first mounted on a frame 300x300mm made 
of 4mm thick square-section aluminium, the thickness of this frame 
determining the thickness of the finished coupons. The completed frame 
of fibres comprised 14 coupons which when moulded and end-tagged would 
have a maximum gauge length of 220mm, although 200mm samples were used 
in this work. The upper and lower arms of the frame had slots machined 
2mm deep into their surface into the centre of which the fibres were 
glued using a rapid setting 'Araldite' epoxy adhesive (figure 3.8a).
This adhesive was used in preference to the more convenient 
cyanoacrylate type materials since the latter was found to frequently 
debond from the aluminium when immersed in resin at elevated 
temperature. To allow for the differential thermal expansion of the
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aluminium frame and the SiC fibres when heated, shims were inserted 
between the top and side arms of the frame whilst the filaments were 
being glued in position. These were removed before the frames were 
heated, when expansion drew the fibres taut again.
When complete this frame was sandwiched between two 4mm thick glass 
plates 320mm square and lined with 'Melinex' PTFE coated release film on 
the inside faces up to the inside edge of the aluminium frame. This 
release film was held flush against the glass by a thin layer of 
silicone vacuum grease between the two, and sealed around its outer 
edges to the plate with a silicone rubber compound, (figure 3.8b). All 
the inside faces of the frame which were likely to come into contact 
with the resin phase were coated with the same silicone rubber to 
prevent bonding of resin to the surface. Finally a compressible 
'mastic' rubber seal (supplied by Fothergill-Harvey as an autoclave bag 
sealant) separated the aluminium frame from the glass plates and acted 
as a final seal against resin leakage (figure 3.8c). The complete mould 
was held together with 'bulldog' clips and preheated at the curing 
temperature for 30mins before filling with resin. This preheating 
ensured that the mastic seal had compressed as much as possible giving 
the correct final coupon thickness, and also that the resin would flow 
easily into the mould cavity and that any moisture condensed on the 
inner surface of the plates was removed, (particularly important for 
those moulds heated in a water bath).
For epoxy coupons the mould was filled with warm (65°C) resin which had 
been degassed under vacuum for 30mins. The filled assembly was placed 
vertically in an air circulating fan oven and cured for 3hrs at 100°C.
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The PMMA resins were prepolymerised to a syrupy consistency by heating 
at 60°C for 90mins before use, this acting to reduce the amount of 
shrinkage in the final moulding. These latter resins were cured in a 
water bath to assist in removing the heat generated by the large curing 
exotherm in this material. The full curing schedules and resin 
constituent proportions are shown in table 3.1.
Once cured and cooled to room temperature the complete 300x300mm sheet 
of 14 coupons was removed from the mould assembly and frame (a simple 
process provided the frame had been fully coated with silicone rubber) 
and individual 20mm wide parallel sided coupons sectioned out using a 
water-cooled diamond saw. The length of the coupons depended on the 
gauge length required but a total of 70mm was allowed for gripping the 
specimens. After drying, these coupons, each with a single filament 
aligned along its axis were placed between two 'Melinex' coated glass 
plates, and postcured in an air-circulating fan oven (schedules in table 
3.1). The plates were placed flat in the oven at this stage and 
weighted with a lOKg load. This was to ensure the samples cooled slowly 
and evenly once postcured. It was found that if the top faces were 
allowed to cool significantly faster than the bottoms then a pronounced 
curve could develop in the specimen.
To limit stress concentrations at the grips when testing the samples, 
cardboard end-tags 1.5mm thick were attached to the end of the coupons 
to give a 200mm gauge length. The areas of the specimens to be tagged 
were abraded with 320 grit silicon carbide paper and degreased with 
ethanol or industrial methylated spirit (IMS) before attaching the tags 
using methylmethacrylate monomer as an adhesive for the PMMA resins and 
24hr cure 'Araldite' adhesive for the epoxy samples. The tagged coupons
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were placed between glass plates, weighted with a 20Kg load and left for 
a minimum of 24hrs before testing. A completed coupon is shown in 
figure 3.9.
The main purpose of testing these coupons was to obtain information 
about the strength and fracture behaviour of the filament when embedded 
in a resin phase. To assist in gathering this data the samples were 
loaded in a conventional Instron testing machine but were observed with 
the system shown in figure 3.10. Firstly, the strain on the sample was 
measured using an electrical resistance strain gauge bonded to the 
coupon surface. This gauge was linked to a 'Vishay' digital strain 
indicator which was positioned adjacent to the sample whilst it was 
under load. Secondly, coupons were illuminated from behind using a 
polarised light source and were observed with an analyser in front of 
the sample. This greatly simplified observation of fibre fractures and 
associated matrix damage owing to the photo-elastic effect they caused 
in the resin. A fluorescent or tungsten filament ’strip’ bulb was used 
to illuminate the sample since this gave an even light intensity along 
the whole coupon.
By using a camera fitted with a polarising filter (acting as an analyser 
for the illumination system) to observe the sample a photographic record 
could be made of either just the first or of a sequence of fibre 
fractures in the coupon. A millimetre scale was hung from the top 
specimen grip and down the left edge of the coupon so that the position 
of a break relative to the top of the sample was recorded accurately on 
the photograph. The strain indicator display was placed at the opposite 
side of the sample so that this too appeared in the camera frame, giving
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the strain at which the fracture occurred. Figure 3.11 is such an image 
from an embedded array coupon test (following section) showing a fibre 
failure in the sixth fibre from the left, at ~113mm from the top of the 
coupon and a strain of 0.8977%.
Using this arrangement all the embedded coupons were tested in an 
Instron 1195 (1115 frame) screw-driven machine fitted with standard 
wedge action grips and a 2511-319 100KN load cell, (although load was 
not normally measured in these tests). Tests were carried out a strain 
rate of 1.67xlO-»sec-x (o.ooi min-1), the same as the uncoated fibres.
3.4.3 Embedding of Fibre Arrays in * Thick* Resin Coupons
The basic method used for producing embedded two-dimensional (linear) 
fibre arrays is the same as that for embedding single filaments. The 
only significant difference lies in the method of positioning the fibres 
on the aluminium frame before moulding.
Fibre arrays containing 10 filaments separated by 2,4,6,8 and 10 fibre 
diameters centre-to-centre were produced, (one diameter is approximately 
100pm for this filament). These values were chosen to give results from 
the whole range of fibre separations over which fibre-fibre interactions 
are likely to occur around a single filament breakage.
The same aluminium frames were used for embedding these arrays as for 
the single fibres. Rather than simply glueing fibres onto the frame 
however, it was first clamped in a steel jig fitted with a pair of 
grooved rollers which could be moved along runners parallel to the top 
and bottom arms of the frame (figure 3.12). Each roller has 10 grooves
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machined circumferentially around it, the centre-to-centre spacing of 
these grooves being equal to the required fibre separation 
centre-to-centre, and the width and depth of each groove equal to one 
fibre diameter. By laying fibres over the whole length of the frame, 
including these rollers, a linear tape consisting of 10 fibres each 
separated from its neighbours by a precise and known distance could be 
produced. To aid the positioning of the fibres in the grooves on the 
rollers and to ensure that all the filaments 'see’ the same tension, a 
5gm crocodile clip was attached to the end of each fibre. Once a 
complete set of 10 fibres had been laid in position they were glued to 
the frame using rapid ’Araldite’ adhesive. When this was cured the 
crocodile clips could be removed, the rollers moved into alignment with 
the next groove on the frame and the whole process repeated.
The completed frame of fourteen arrays, each of 10 fibres, was then 
embedded, sectioned and end-tagged just as the embedded single filament 
specimens. Completed coupons are shown in figure 3.9. The strain 
gauges used on these coupons however were especially narrow and 
positioned towards one edge of the coupon so as not to obscure 
observation of the array. Tests were made on coupons with strain gauges 
placed at various points on their surfaces and positioning the gauge 
close to the coupon edge was found to give similar results to putting 
the gauge in the centre of the sample. These tests also showed that 
filament failure and even localised resin cracking occurring directly 
under a gauge did not appear to significantly affect the measured 
strain.
The same photographic arrangement was used for observing fibre fractures 
as for the single fibre coupons except that all fibre failures were
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recorded until no further events occurred. In practice, for a 200mm 
coupon this meant taking a series of some 50-90 photographs, each 
showing the position and strain of a single event.
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3.5 Observation of Damage Development Processes in Embedded Coupons
In addition to the macroscopic observation and recording of fracture 
sequences on embedded coupons a number of additional techniques were 
used to record information about both array and single fibre failure 
processes and the matrix behaviour associated with these.
3.5.1 In-Situ Optical Microscopy of Embedded Fibres and Arrays
To examine the stress distribution around fractured fibres in the 
embedded single fibre and fibre array coupons a frame carrying an 
optical microscope was attached to the Instron testing machine in place 
of the camera normally used to record fibre fractures (section 3.4.2 and 
figure 3.10). A polarising filter was attached to the microscope which 
was mounted on an X-Y traversing head so that it could be positioned to 
observe any point on the sample. Coupons were loaded in the normal way 
but each time a fibre fracture occurred the cross-head movement was 
stopped and a photo-micrograph taken of the affected area. Using the 
normal camera observation system only the position of fibre fractures in 
the array could be fixed. Using an in-situ optical microscope however, 
matrix cracking could be observed and the effect of both this and the 
actual filament fracture on adjacent fibres examined in some detail. 
Since the sample was being observed whilst under load, stress 
distribution patterns in damaged areas showed up particularly well due 
to the photo-elastic behaviour of the resins used.
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3.5.2 In-Situ Optical Microscopy using a Micro-Straining Stage
This is a technique developed by Mullin et al [69] for observing matrix 
damage around fibre fractures and since used by a number of workers 
notably Drzal and Rich [68] [119], Pitkethly [117] and Jacques [120]. A 
small ’dog-bone' type sample is made containing a single filament 
aligned along the coupon axis. This specimen is then loaded in a 
straining stage designed to fit on a conventional optical microscope. 
Again the sample can be observed whilst under load and matrix damage and 
stress distribution behaviour examined.
Dog-bone samples with a 20mm parallel-sided gauge length were produced 
by casting resin in a silicone rubber mould with a filament aligned and 
lightly tensioned along the mould axis using the arrangement shown in 
figure 3.13. The moulds were made by curing the rubber around a metal 
master coupon and could normally be re-used three or four times. They 
were preheated to the resin curing temperature (Table 3.1) before being 
filled with warm, degassed resin introduced from both ends of the mould 
cavity with a fine syringe. This method ensured that the resin flowed 
smoothly into the gauge length region of the mould displacing any 
entrapped air.
Epoxy resin samples were cured in a fan oven as normal, however an 
ultra-violet curing PMMA system was used in preference to the thermal 
curing system because of the difficulty of extracting from an open 
rubber mould the excess heat generated by the curing exotherm in this
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material. The cured samples were removed from the moulds and excess 
resin trimmed away using a small diamond impregnated cutting wheel 
before they were postcured between glass plates in the same way as the 
larger coupons (section 3.4.2 and table 3.1).
The straining stage used is designed to load the sample via a 
differential screw thread, giving 0.16mm cross-head movement for each 
turn of the main loading screw. The device (figure 3.14) allows the 
specimen to be observed using transmitted or reflected light. For this 
work transmission illumination was used so that the photo-elastic 
behaviour of the material could be observed. The strain on the sample 
was measured using a small electrical resistance strain gauge bonded to 
the edge of the sample so as not to obscure any part of the coupon gauge 
length. Although this technique can be used to provide quantitative 
information about fibre and interface strengths [68] [119] it was used 
mainly as a qualitative method here for examining matrix damage around 
fibre fractures in .the different resin systems used.
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TABLE 3.1
RESIN FORMULATIONS AND CURING SCHEDULES
Epoxy resin (all coupon types);
wt % ml for embedded 
fibre moulding
300 
180 
12
Ciba-Geigy DY040 35 120
mixture degassed at 65°C for maximum of 1 hour in vacuum oven,
CURE 100°C for 3 hours in air circulating oven,
POSTCURE 150°C for 3 hours in air circulating oven,then
cooled to room temperature at ~2°C/min.
Poly(methylmethacrylate) (PMMA) resins;
commercial UV stabilised MMA monomer, stabiliser removed by washing with 
10% NaOH followed by distilled water and then dried over silica gel.
For embedded coupons;
MMA monomer 400g
Benzoyl peroxide 0.5 wt%
PRE-POLYMERISATION 60°C for 90mins in water bath,
POLYMERISATION 65°C for 6hrs in water bath.
For microtensile coupons;
MMA monomer 10 g
Benzoin 1.0 wt%
PRE-POLYMERISATION irradiated for 2hrs 150mm from UV source,
POLYMERISATION irradiated for 4hrs 150mm from UV source.
Shell Epikote 828 100
Shell Epikure NMA 58
Shell K61B 5
UV source used for this work was a 125W mercury vapour lamp with a peak 
output at 365nm.
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Figure 3.1 Scanning electron micrograph of 100pm diameter SiC 
filament produced by chemical vapour deposition of 
SiC on a 12pm diameter tungsten substrate filament. 
Surface shows 'nodular' structure due to radial SiC 
growth mechanism.
zero-order maxima
I i 2nd maxima 
1 2nd minima 
1st maxima
sample
laser light source
Figure 3.2 Schematic of system for measuring fibre diameters 
by laser diffraction.
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Figure 3
Figure 3
screen
photo-cell
fibre under load
fibre
fixed flag
laser light source
Schematic of system for measuring extension of a 
fibre under load using laser diffraction pattern.
o oAluminium Frames 
bolted rigidly to 
grips.
O
Steel guide rods 
running in PTFE- 
bushes.
O “Pneumatic Instron 
grips holding single 
Fibre.
LVDT's giving 
electrical output 
oF grip displacement.
Schematic of system for measuring grip separation 
when carrying out single filament tests. LVDT's 
are electrically balanced to give mean displacement 
from the two sides of the apparatus.
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fibre guided by PTFE rollers
• >  haul-off rollers
vertical tube furnace 
(1 metre long)
sponge to remove excess resin
resin bath
Figure 3.7 Schematic of system for coating a continuous loop 
of filament with a thin resin layer. Loop is ~5m 
long and 5pm of resin are deposited in each pass 
through the resin bath/furnace.
a)
300x300mm Al frame with 320x320mm glass sheet with ’melinex’ A1 frame separated from glass
covering held against glass by by mastic rubber seal,
fibres glued in position. silicone grease film and silicone rubber,
(dotted area).
Figure 3.8 Schematics of fabrication system for embedded fibre 
coupons and also for embedded arrays of fibres.
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Figure 3.9
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window cards, (b) 25mm gauge microtensile sample 
for in-situ observation of matrix damage, (d) 200mm 
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200mm gauge 2, 4, and 6 diameter separation array 
coupons.
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Figure 3.10 Schematic of system for in-situ observation of
filament fractures in embedded fibre and embedded 
fibre array coupons.
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Figure 3.11 Photograph showing image used for recording details 
of filament fracture strain and position in 
embedded fibre and embedded array coupons.
Fracture is in 6th fibre from left at ~113mm and 
0.8977% strain.
crocodile clips hung off 
free ends of fibres hold 
filaments in position 
whilst glued to frame.
10 fibres glued into 
frame, spacing determined 
by spacing of grooves 
machined in roller.
Figure 3.12 Schematic of arrangement for positioning of fibres 
in embedded array coupons.
Silicone rubber mould
Case extended CthereFore tensioning Fibre>
by using these screws
•fibre
Aluminium case to which Fibre is glued at each end
Figure 3.13 Schematic of apparatus used for aligning single
filament along the axis of a silicone rubber mould 
designed to produce a 25mm gauge waisted sample for 
microtensile testing. Finished sample shown in 
figure 3.9.
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Figure 3.14 Micro-straining stage used for in-situ observation 
of fibre fractures and matrix damage in 25mm gauge 
samples, (figures 3.9 and 3.13).
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4 Results
This section is divided into three main areas corresponding to the
experimental work;
1. Measured mechanical properties of single SiC filaments (modulus and 
diameter), and the investigation of the statistical distribution of 
filament strength, (section 4.1).
2. The strength and fracture behaviour of single fibres when surrounded 
by a resin matrix, (section 4.2 ’coated’ and section 4.3 ’embedded’ 
fibres).
3. The strength and fracture behaviour of unidirectional 'tapes' (2-D 
arrays) of fibres in a matrix, (section 4.4).
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4.1 Mechanical Properties of Unsupported SiC Filaments
A total of 241 samples of SiC fibre were tensile tested, 50 at 500mm, 30 
at 100mm, 90 at 50mm and 71 at 10mm. Diameter and modulus measurements 
were made in all these tests and these results are summarised in table
4.1 which includes the results of measurements made on 39 samples of the 
tungsten filament used as the fibre core. The statistical parameters 
describing the strength distribution of the fibre and core at each gauge 
length are listed in table 4.2.
4.1.1 Filament Diameter
Figure 4.1 shows the diameters from all 241 single filament samples as a 
frequency histogram. The mean of this distribution is 103pm with a 
standard deviation of 2.1pm, giving a coefficient of variation of only 
2.07*. Although the distribution shows a slight positive skew with the 
mode at 102pra the overall variation is so low that this can effectively 
be ignored and the mean value used for most purposes.
The extremely low variation in diameter of this material is a result of 
the CVD manufacturing process which deposits material very evenly, and 
contrasts sharply with many drawn and/or pyrolysed filaments such as 
carbon where diameter variations of as much as 15% been observed [110]. 
Using the laser diffraction technique measurements were also made on 
samples of the tungsten filament used as the fibre substrate. This 
material was found to have a diameter of 12pm with no measurable
114
deviation within the resolution of the system. This low deviation is 
likely to be characteristic of a metal filament produced by mechanical 
drawing.
4.1.2 Filament Tensile Elastic Modulus
A typical strain/load trace obtained from a 50mm gauge length filament 
is shown in figure 4.2. This is essentially linear to failure except 
for some slight deviation at the start due to slippage and bedding down 
in the grip alignment system, effects which could not be completely 
eliminated. To allow for this error ’dry’ runs with no sample in place 
were carried out before and after each set of actual tests and (if 
necessary) an offset made on the chart to allow for the observed 
deviation. Modulus values were calculated for each test by measuring 
the slope of the strain/load curve between 0.1 and 0.2% strain, load 
being converted to stress using the fibre diameter measured on that 
sample.
Figure 4.3(a-d) shows frequency histograms of the measured modulus 
values from each of the four gauge lengths tested. These show that the 
mean value at each gauge length is very similar (343.3-355.3 GPa) and 
also that the variability in all the data sets is similar, ~4% in each 
case. The 10mm data does not show such a clear mode as the data from 
longer lengths but this is probably a result of the transducer 
displacement measurement system operating at the limit of its resolution 
at this gauge length.
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The complete set of 241 results from all four gauge lengths are plotted 
as one histogram in figure 4.4, the mean, standard deviation and 
coefficient of variation from this plot being 347 GPa, 14.7 GPa, and 
4.3%
The measured modulus values from the 39 tensile tests on samples of the 
tungsten fibre core are plotted in figure 4.5. The mean modulus of 
these samples was 406 GPa with a standard deviation of 21.5 Gpa and 
coefficient of variation of 5.3%. When tested the tungsten filament 
samples exhibited a pronounced yield point and there was considerable 
plastic deformation before fracture. The elastic modulus was calculated 
from the linear portion of the stress/strain curve between 0.1 and 0.3% 
strain, well below the yield point.
4.1.3 Filament Failure Strain and Strength
Fracture stresses and strains were calculated for each SiC fibre test 
using the measured fibre diameter, failure load and extension at fail. 
The failure strains from single fibre tests at the four gauge lengths 
are plotted as cumulative frequency distributions in figure 4.6. This 
data is plotted as failure strain rather than stress so that a direct 
comparison may be made with the behaviour of filaments embedded in a 
matrix. The failure probabilities were generated using the ranking and 
estimation system described in section 2.2.2, (computer program appendix 
5-1).
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This plot shows the general strength/length relationship expected for an 
elastic brittle material with the shorter gauge fibres giving higher 
failure strains than the longer lengths. Despite the wide range of 
lengths tested however, there is considerable overlap between the 
distributions, particularly at the upper end of the 500 and 100mm sets 
and in the lower part of the 50 and 10mm distributions. Plotting this 
data on ln(e) vs lnln[l/(l-PT)] (or 'Weibull' axes, section 2.2.2) also 
demonstrates this. Figure 4.7 shows this In/lnln plot with a straight 
line fitted to each data set using a least squares regression technique. 
These lines represent the estimated single-mode two-parameter Weibull 
distributions for the data-sets and the overall visually poor fit of 
these demonstrates the inadequacy of the model. The Weibull parameters 
derived from this analysis, together with other statistical parameters 
are listed for all four gauge lengths in table 4.2. These results were 
also examined using a maximum likelihood (ML) estimation technique which 
gave very similar results, also listed in table 4.2.
Figure 4.8(a-d) shows the data from the four gauge lengths plotted 
individually on ln/lnln axes to show more clearly the deviations from 
linearity in each case. The most extreme case of this is the 10mm data 
where two or even three distinct regions can be seen to the curve. 
Compared to this the data from 100mm and 50mm gauge tests approximate 
very well to straight lines.
Plotting the mean failure strains from each gauge length on ln(L) vs 
ln(e) shows that the data approximates reasonably to a straight line 
(figure 4.9). The dotted lines on this figure represent one standard 
deviation either side of the mean failure strain. This error is clearly
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quite large, it would be possible to fit a number of curves through the 
data all of which would give a similar correlation to the least-squares 
straight line shown. It should also be noted that the Weibull shape 
parameter estimated from this straight line is significantly greater 
than those obtained using ln/lnln or ML estimation, (table 4.2).
These plots (figures 4.7, 4.8 and 4.9) all indicate that although the 
data can be crudely approximated to a two-parameter single-mode Weibull 
function, a more complex model would be necessary to explain the 
deviations observed. This is highlighted further if it is attempted to 
weak-link scale (WLS) one gauge length to another using equation 2.24, 
(computer program appendix 5-2). Figure 4.10(a) shows the data from 
500mm and 10mm with CDFs for each data set generated using the parameter 
estimates from the other data set. This clearly shows that the 500mm 
parameters suggest that 10mm fibres should fail at much higher strains 
whilst the 10mm parameter estimates suggest that 500mm filaments should 
fracture at significantly lower levels. Figure 4.10(b) shows a similar 
plot but for the 100mm and 50mra results. These WLS very well but this 
is over a much smaller gauge length range. The errors between the 
characteristic strains estimated for each gauge length using the 
two-parameter single-mode Weibull and those estimated by scaling between 
the distributions are listed in table 4.3. Similarly, scaling using the 
parameter estimates from the ln/ln plot (figure 4.9 and table 4.2) gives 
distributions which fall at the same locations as the various data sets, 
but with much less variation at each gauge length.
One possible cause of these discrepancies is that the fibre has a 
multi-modal fracture behaviour, an effect already suggested for large
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diameter CVD fibres by a number of workers [21,36,42] and which would 
make the use of the conventional Weibull function inadmissable.
4.1.4 Fibre Fracture Behaviour
Fibre fracture surfaces were recovered for examination using the ’jelly 
pack’ technique described in section 3.3.4. Even using this method it 
proved impractical to contain failures in 100 and 500mm gauge fibres and 
only some 50ram samples were recovered. The much shorter 10mm filaments 
(which will release a correspondingly lower amount of elastic strain 
energy at failure) were all recovered successfully.
From a series of 55 tests on 10mm gauge fibres where fracture surfaces 
were recovered two distinct fracture modes were identified, one 
initiating at defects on the fibre surface, and one initiating in the 
bulk of the fibre from failure of the tungsten filament core. Figures 
4.11(a,b) show SEM micrographs of the different types of fracture 
surface these give. Since each fracture surface examined was associated 
with a particular failure strain and stress from the series of tests it 
was possible to define a fairly distinct region where the transition 
between the two failure modes occurred. Figure 4.12 shows this series 
of strength observations on ln/lnln axes. Below -1.0% strain, (-3.47 
GPa stress), nearly all failures initiated at surface defects, whilst 
above this level core initiated fracture predominates. The shape of 
these two parts of the distribution are quite different, the core 
initiated section showing much less variability than the lower failure
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strain surface-flaw initiated part. Using this data it is possible to 
fit a multi-modal Weibull distribution based on a competing-risk model 
as described in section 2.2.5, (computer program appendix 5-3). This 
function is shown plotted over the data on e vs Pr anci in/inin axes in
figures 4.13{a,b) together with the single mode function (SMW, dotted 
lines). This clearly shows that the multi-modal Weibull (MMW) function 
gives a good approximation to the majority of the surface initiated 
section of the distribution and describes very accurately the upward 
sweep of the core initiated {>£1.0% strain) part of the data. The low 
variability of the lower tail (<£0.4% strain) is not explained however, 
and even if this is assumed to be due to a third fracture mode and an 
approximate tri-modal function fitted, the shape of the line is not 
significantly altered. The parameter estimates for this bi-modal 
function are listed in table 4.4.
120
4.2 Mechanical Properties of Fibres Coated with 'Thin' Resin Layers
Fibres coated with ’thin’ (<50pm) layers of epoxy resin were tested at 
three gauge lengths, 100, 50 and 20mm, and a number of coating 
thicknesses. The combinations of gauge length and coating thickness are 
listed in table 4.5 with the statistical parameters for the strength 
distributions measured in each case.
The filament diameter for these tests was assumed to be the mean 
measured in the unsupported tests (103pm, section 4.1.1). The overall 
diameter of the coated filament was measured at three points on each 
sample tested and the coating thickness derived from these results. 
Failure load and extension were measured as in the unsupported tests. 
Load was converted to fibre failure stress using a conventional 
rule-of-mixtures calculation based on the relative cross-sectional areas 
of fibre and resin. Extension was converted to failure strain using the 
initial gauge length, assuming strain must be constant throughout the 
'composite'.
The results of the 100mm tests (5pm coating) are plotted in figure 4.14 
together with the results of the 100mm unsupported tests. The 
difference between the two distributions is very slight, the resin 
appearing to have little effect on the measured fibre failure strain.
The increased proportion of data in the upper part of the distribution 
may or may not be significant. When tested at 50mm gauge length 
however, the same thickness of coating significantly increases the mean 
observed fibre failure strain although the overall spread of the data 
remains similar, (figure 4.15). This plot also shows the data obtained
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from 50mm fibres coated with 30pm and 40pm resin layers and demonstrates 
that increasing the coating thickness reduces the distribution 
variability with an increasing proportion of the data falling in a 
relatively narrow band around 1.0% strain, (£3.47 GPa stress on the 
fibre). This form of distribution cannot be described by a single-mode 
Weibull function owing to the severe change in variability between the 
upper and lower parts of the data set, (figure 4.16) .
Although coated with a relatively tough resin the energy release at 
fracture was still sufficient to cause the filament to rupture 
explosively, making it impractical to retain all fracture surfaces for 
SEM examination. A number were saved however and showed that failure in 
the low variability region above £1.0% strain (£3.47 GPa stress) 
initiated predominantly from the tungsten fibre core, whilst failure in 
the much higher variability region below this was generally the result 
of surface flaws. Although an accurate MMW function can only be fitted 
if the fracture mode for every data point is known an approximate 
function can be fitted using this general information. This is shown 
plotted over the 50mm, 40|im data, (where the clearest division appeared 
to occur) in figure 4.16 and is a good approximation. The division 
between the two modes was set at £1.0% as measured in the unsupported 
10mm tests, the upper section of which coincides very closely with this 
coated data, (figures 4.12, 4.16). Figure 4.16 also shows a single-mode 
Weibull function fitted to this data, demonstrating the limitations of 
this model to describe the relatively abrupt cut-off at the top of the 
distribution.
In figure 4.17 all five coated fibre data sets are plotted together.
This shows the distinction between the 100mm, 5pm and 50mm, 5pm
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materials but also shows the similarity of the 50mm, 5*Jim and 20mm, 5pm 
filaments. The strength of the more heavily coated filaments clearly 
follows a significantly different distribution function to these.
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4.3 Mechanical Properties of Embedded Single SiC Fibres
Two types of embedded fibre coupons were tested; 100mm gauge PMMA resin 
coupons and 200, 100 and 50mm gauge epoxy resin samples, all containing 
a single SiC filament aligned along the tensile axis of the coupon.
Fibre fracture strain was measured in these tests together with 
observations on the types of matrix damage associated with filament 
failures, determined using the techniques described in section 3.5. The 
resin materials and coupon sizes were chosen so that fibre fracture did 
not cause failure of the entire sample, large numbers of individual 
failures could thus occur in one coupon, each affecting only a short 
length of fibre.
4.3.1 Strength of Fibres in PMMA Coupons
To reduce the number of coupons which had to be fabricated and tested, 
only one gauge length of coupon was used and the results from these 
analysed as a series of ’notional gauge lengths' [33] [106]. This idea 
is based on the assumption that a fibre fracture only affects the stress 
distribution along a very short length of the filament (twice the 
ineffective length, section 2.5.3). The failure of a fibre contained in 
a coupon loaded until no further fractures occur can then be analysed as 
shown in figure 4.18. The first failure in a 100mm gauge coupon gives a 
result for a 100mm fibre and also for one of two notional 50mm fibres 
into which the coupon is divided. Any further failures in this 50mm 
length are ignored but the first failure in the other 50mm length is
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also recorded as a 50mm gauge result. The coupon can be sub-divided 
into any number of notional gauges, in this section of work 100mm 
coupons were analysed as 1x100mm, 2x50mm and 5x20mm lengths, a single 
specimen thus giving eight separate results.
The data obtained from 19 coupons in this way is plotted on e vs Pr anci 
Weibull ln/lnln axes in figures 4.19(a) and (b). The Weibull parameters 
estimated for these distributions are listed in table 4.6. The data 
gives a similar approximation to this function as that from the 
unsupported fibres (figure 4.7 and table 4.2) but the shape parameters 
are significantly higher in this case, ranging from £3-10 rather than 
£3-4. Of the distributions shown in figure 4.19 the 100mm data is 
described best by the Weibull model whilst the 50mm and 20mm results are 
almost identical to each other, both extending to significantly higher 
strains than the 100mm data.
When compared with the results from the unsupported and coated fibres 
(figures 4.7 and 4.17) this extension to £1.5% strain in the 50mm and 
20mm distributions appears anomalous. The following section on matrix 
damage around filament fractures in this system presents results which 
may explain this discrepancy in terms of the interaction between the 
fibre and matrix.
Weak-link scaling using the parameter estimates from table 4.6 shows a 
similar effect to the unsupported fibre results with the 100mm data 
suggesting that the 50 and 20mm fibres should fail at higher strains and 
the short fibres predicting the longer ones should fail at lower 
extensions. The errors between the actual and scaled characteristic 
strains are listed in table 4.7.
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Plotting the mean fibre failure strains on ln(L) vs ln(e) axes {figure 
4.20, table 4.6 ) gives W=27 compared to £10 for the individual data 
sets. Using these parameter estimates and weak-link scaling for the 
three gauge lengths gives accurate positioning of the distributions but 
suggests that there should be much less variation within each data-set. 
Both these observations are similar to the discrepancies noted in the 
unsupported fibre results.
4.3.2 Matrix/Interface Damage in SiC/PMMA
Figure 4.21 shows the development of a series of fibre fractures in a 
SiC/PMMA coupon under increasing load. The length of fibre affected by 
each fracture is of the order of 80-100 diameters (8-10mm). The length 
of the damaged region was generally greater at failures occurring at 
higher values of strain. The result of this was that in some tests only 
three or four failures could be observed, these ’damaging’ up to 85% of 
the 100mm gauge length. In addition it was observed that damage ’zones’ 
could grow further as loading was continued after the initial fracture. 
In these circumstances the use of the notional gauge length concept, 
which assumes that this damaged length is negligible, is invalid. Of 
the results shown in figure 4.19 only the 100mm data (representing the 
first failure in each coupon) can be treated as data from a single, 
defined gauge length.
The damage to the matrix around a failure was examined using the 
micro-straining stage technique. This revealed two distinct cracking
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patterns around fractures, termed here as Type I and Type II.
Type I is characterised by a disc crack running into the matrix 
perpendicular to the fibre and in the plane of the fracture. This was 
sometimes accompanied by a number of additional cracks at angles of 
70-80° to the fibre axis, (figure 4.22).
Type II cracking consists of multiple radial cracks either side of the 
fibre fracture plane, cracking extending axially as much as 10-20 
diameters either side of the failure, (figure 4.23). This micrograph 
shows 45° cracks initiating around the interface and then curving to 
travel almost normal to the fibre axis. This is attributable to the 
crack propagating along the plane of maximum tensile stress. Close to 
the interface this will be at £45° to the fibre due to shear stress 
transfer, whilst in the bulk of the matrix where the resin is loaded 
directly in tension it will be at 90°.
These two damage modes may be linked with the failure strain of the 
fibre, low strain fracture generally giving type I and high strain 
failures (where there is a correspondingly greater energy release) 
giving type II. The difficulty of accurately calibrating the 
micro-straining stage made it impractical to define quantitative strain 
levels for this transition.
Adjacent to some failures (both type I and II) debonding of the 
fibre/matrix interface was observed. This could be distinguished by 
bright regions forming along the edges of the fibre where the debond 
acted as a 'light-pipe’ channeling illumination around the filament. 
This can be seen to some extent in figure 4.24. Typical debond lengths 
were estimated at 300-500pm (3-5 diameters). Further evidence of
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complete debonding was provided by embedded coupons which fractured 
across their complete cross-section due to flaws in the resin. In two 
cases fibres which had already fractured several millimetres from this 
plane pulled-out cleanly from this half of the matrix. An important 
effect of this debonding was shown in some micro-tensile tests where the 
gap between fractured fibre ends increased as the coupon was loaded 
further although no additional failures occurred. As well as 
demonstrating the poor interfacial bond strength this suggests that the 
assumption that strain is uniform in the fibre and matrix is invalid. 
This may account for the unusually high fibre failure strains measured 
on the embedded coupons after a number of initial fractures had 
occurred.
This cracking behaviour is similar to that observed by Mullin et al [69] 
(section 2.5.2) and suggests that the interfacial bond and matrix 
tensile strengths are similar in this material, low strain fractures 
giving localised damage in the matrix alone, whilst the energy release 
associated with fracture at high strains is sufficient to cause 
interfacial debonding and more extensive matrix cracking. The 
difference between these two phenomena may be exagerrated by the large 
stress transfer lengths in this ’composite' due to the low surface-area- 
to-volume ratio of this 100pm diameter filament. This results in a 
large amount of energy, (caused by fibre fracture), being transferred 
into the matrix through a relatively small interfacial area per unit 
length.
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The micro-straining stage tests also provide information about the 
stress distribution in the matrix around a fracture. Figure 4.24 shows 
a micro-tensile coupon containing two parallel fibres aligned sO.Sram (8 
diameters) apart. The upper filament has failed first giving type I 
damage, whilst the lower fibre has fractured at higher strain and 
produced type II cracking. This micrograph was taken using polarised 
illumination and the photo-elasticity of the resin indicates the stress 
distribution around the fractures. The three-dimensional sample and the 
severity of the stress concentrations caused by the matrix cracks make 
quantitative photo-elastic analysis impractical but general effects can 
be clearly seen. The stress pattern in the matrix is affected over a 
region extending ~5 diameters radially from the fibre and 5-10 diameters 
axially from the fibre end position, (considered to be approximately 
where cracking stops in both cases). These values are similar to those 
estimated experimentally by Mullin et al [69] and by Schuster and Scala 
[67], and theoretically by Hedgepeth [73] for a perfectly bonded elastic 
system.
The PMMA resin was abandoned for the rest of this project, largely due 
to the complexity and extent of matrix/interface damage associated with 
the material, but also because of the difficulty in making reproducible 
samples from moulding-to-moulding. For the rest of this work a 
flexibilised epoxy resin matrix was used. This gave more 'controlled' 
interface damage and was much simpler to fabricate into reproducible 
samples.
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4.3.3 Strength of Fibres in Epoxy Resin Coupons
Coupons containing a single SiC fibre embedded in flexibilised epoxy 
resin were tested at three individual gauge lengths, 200, 100 and 50mm. 
The notional gauge length concept was not used because of the 
difficulties experienced with the PMMA coupons, and also since the epoxy 
coupons were much quicker to fabricate. Each sample was loaded only 
until the first fibre fracture occurred. The strain on the coupon 
surface, the failure position and the damaged length of fibre were 
recorded.
Figures 4.25(a) and (b) show the failure strains measured on a total of 
41 samples at the three gauge lengths plotted on e vs axes and 
Weibull ln/lnln axes with a single-mode two-parameter Weibull function 
fitted to each data set. The statistical parameters for these 
distributions are listed in table 4.6.
Comparison with the unsupported fibre data in figure 4.7 and table 4.2 
again shows the much lower variation both within and between gauge 
lengths and also the much higher characteristic failure strains of the 
embedded fibres. Although the data shows a number of very high failure 
strain points, these are spread between all three gauge lengths and are 
more likely to be indicative of a real effect than the measured high 
failure strains in the PMMA coupons.
Figure 4.26 shows a ln(L) vs ln(e) plot of the data, and (unlike the 
previous data-sets) the parameter estimates are very similar to those 
from ln/lnln and ML methods, (table 4.6). Weak-link scaling using the 
parameters from all these methods gives good agreement between the
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estimated and scaled characteristic strains, (table 4.7), and suggests 
that when embedded in this type of matrix the fibre strength can be 
accurately described using the single-mode two-parameter Weibull 
distribution, an observation which contrasts sharply with the results of 
the unsupported, epoxy coated and PMMA embedded tests.
4.3.4 Matrix, Interface and Fibre Damage in SiC/Epoxy
Extended interface damage zones were observed in this material similar 
to those seen in the PMMA matrix system. The difference between type I 
and II failures was not as distinct however, and the majority of 
failures simply gave a number of widely separated radial matrix cracks. 
Figure 4.27 shows this behaviour where a radial crack has formed in the 
plane of the fibre fracture and a pair of secondary cracks have also 
formed approximately equidistant from the fracture, interfacial 
debonding appearing to occur over a short length (<5 diameters) after 
these. Between the fracture plane and the secondary cracks are a number 
of very small radial cracks spaced 1-2 diameters apart. Optical 
microscopy of polished longitudinal sections of these damaged regions 
revealed that each of these cracks was associated with a fracture across 
the fibre, (figure 4.28).
Sections of filament were removed from these fractured areas for SEM 
examination. The majority of resin was mechanically polished from 
around the fibre and the remaining layer then burnt-off in a furnace at 
~600°C. Figure 4.29 shows an SEM micrograph of the resulting sample 
with the fibre fractured into a large number of similar sections, all
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the fracture planes running almost perfectly perpendicularly to the 
fibre axis resulting in short cylinders of fibre *1-2 diameters long, 
(from this figure mean length is 102pm, Cv 35%). Figure 4.30 shows the 
fractured end of one of these cylinders, failure having initiated at the 
core of the fibre and run out to the surface in one event. Due to the 
very short lengths which the fibre fractures into, it is likely that the 
load carried by the filament in these 'damage zones' is negligible and 
can be considered as zero compared to the undamaged sections.
These experimental observations suggest that the fibre has fractured 
explosively in a similar manner to the unsupported filaments presumably 
due to the release of a shock-wave at failure. This type of failure is 
not uncommon in large samples of high-strength brittle solids such as 
quartz crystals, fracture on a single plane releasing a shock-wave which 
causes shattering, of the entire sample [121]. The initial shock-wave 
will be a compressive force which is unlikely to damage a truly brittle 
solid since they are normally very strong in compression. As the 
material relaxes behind this compressive wave however, a tensile force 
will be generated which may cause regularly spaced fractures, such as 
appear to have occurred here. In addition, the initial wave may be 
reinforced by reflection at the material boundaries, (in this case the 
ends of the fibre or coupon) and this strengthend wave may cause further 
damage.
In a few samples the radial matrix crack associated with the a fibre 
fracture propagated across the whole coupon. Optical microscopy of the 
matrix damage in each half of these coupons showed that the matrix 
fracture plane was coincident with the initial fibre fracture. These
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first fracture surfaces of fibres in both epoxy and PMMA resin coupons 
were little different from the shock-wave induced failures and were core 
initiated. This agrees with the results of the coated fibre tests where 
increasing resin thickness gave a higher proportion of core initiated 
failures. This helps to explain the large difference between the 
unsupported and embedded results, the variation within the embedded 
strength distributions being more comparable to that of the tungsten 
core alone than to the unsupported single fibre data, (figure 4.7 and 
table 4.2).
Figure 4.31 shows a plot of fibre fracture strain vs damage zone length 
for the three gauge lengths of epoxy matrix embedded coupon. Although 
this does not show a clear relationship between the two variables it can 
be seen that increasing fracture strain generally gives longer damage 
zones and also that the longer gauge coupons tend to suffer more damage 
for a given failure strain, possibly because of the larger amount of 
stored elastic energy at fracture.
Unlike the PMMA matrix samples there was no evidence that the size of 
these damaged regions grew larger as samples were loaded further after 
fracture. The examination of polished longitudinal sections, (figure 
4.28) showed that both first fracture and shock-wave fractures gave 
similar, (but negligible), fibre end separations. These observations 
suggest that the fibre/matrix bond is relatively strong in this system, 
significant interfacial damage only occurring when energy is released as 
fibres fracture. This is supported further by SEM examination of 
embedded sample failures where, in some cases, longitudinal splitting of 
the coupon led to axial fracture of the fibre, the two halves of the
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filament remaining bonded to separate sections of the coupon. Attempts 
to measure the fibre/matrix interfacial shear strength using pull-out 
methods were largely unsuccessful, fibres with embedded lengths of 
£1.5mm fracturing adjacent to the resin surface at loads of 25-30N 
before any interfacial failure occurred. These loads correspond to an 
interfacial shear stress of ^60 MPa. Measurements might be possible 
using either the indentation ('push-in') method [122], or a compressive 
test on a waisted sample designed to apply a direct tensile stress 
across the interface when loaded in this way.
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4.4 Mechanical Properties of Embedded Fibre Arrays
The behaviour of two-dimensional fibre arrays was examined at five fibre 
spacings, (200, 400. 600, 800, 1000pm centre-to-centre), and one gauge 
length, 200mm. To shorten the notation when specifying a particular 
array the different spacings have been referred to as 2, 4, 6, 8 and 10 
diameters, these being the approximate fibre separations 
centre-to-centre assuming one fibre diameter is £100pm.
4.4.1 Strength of Embedded Arrays
The measured failure strains from the array tests were initially 
analysed using the notional gauge length concept described in section 
4.3.1. It should be noted that the measured strains used at this stage 
are not necessarily the same as the actual fibre failure strains since 
filaments adjacent to previous failures may be subject to a stress for 
strain) concentration factor. Using the measured strains however, 
results were calculated for 1x200, 2x100 and 4x50mm gauges treating each 
fibre in the array individually so that one coupon gave ten 200mm 
results, twenty 100mm results and forty 50mm results. In practice, the 
extended damage zones around each fracture limited the collection of 
some of the 100 and 50mm results, hence this data is censored and 
complete data sets would be expected to extend to higher strains. The 
notional gauge method was still considered adequate as a preliminary 
examination, (computer program appendix 5-4). Figures 4.32-4.36 show
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the results from each of the five fibre spacings plotted on e vs PT ancj
Weibull ln/lnln axes. The statistical parameters for all the data sets 
are listed in table 4.8.
The results from the 200mm gauge length data sets in each of these 
figures are shown together on e vs Pr axes in figure 4.37, these 
representing the initial individual fibre failure strains from all the 
coupons. The most immediate feature of this plot is the distinct 
difference between the 2,4 and 6 diameter results and the 8 and 10 
diameter data sets. The more closely spaced arrays have shape 
parameters of 7-9 and location parameters ~0.81% whilst the 8 and 10 
diameter arrays give W’s from 20-30 and X0’s from 0.95-1.0%. This 
represents a change in coefficient of variation from -16% to -40%, 
{calculated using equation 2.15). Overall, the initial fracture strains 
from each array spacing increase as the fibre spacing increases, 
although there is relatively little difference within the two groups,
{2, 4, 6 fibre diameters and 8, 10 fibre diameters) compared to that 
between them. Reference to figures 4.32-4.36 shows that, in addition to 
the changes in variability and initial fracture strain, the spread of 
strength estimated between the different notional gauge lengths appears 
to be affected by the fibre spacing in the array. As the fibre 
separation is increased from 2 to 6 diameters the data from the three 
gauge lengths gradually falls into more distinct groups but then merges 
together again as the spacing is increased further to 8 and 10 
diameters. It seems likely that this may be due to fibre/fibre 
interaction in the closely spaced arrays, failures causing fracture of 
adjacent fibres at low measured (although not necessarily low actual) 
strains, whilst in the widely spaced arrays damage lengths were very
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high resulting in extreme censoring of the 100mm and 50mm data sets 
which should probably extend to significantly higher strains.
These effects are discussed in detail in section 5.
4.4.2 Fibre/Matrix Damage and Fracture Interaction in Embedded Arrays
Fibre fractures in array coupons gave similar matrix damage to that seen 
in the single fibre embedded coupons. Radial disc cracking was observed 
at the actual fracture plane, secondary cracking at the limits of the 
damaged region and a number of very small disc cracks (extending ~10pm 
from the fibre surface and spaced 1-2 diameters apart) within this 
damaged region. Optical microscopy of polished longitudinal sections 
again showed that these cracks were again associated with regularly 
spaced fibre fractures. The length of the initial 'damage zone* 
appeared to increase with increasing fibre failure strain (similarly to 
the single fibre coupons) but also appeared to be influenced by the 
proximity of adjacent fibres, large fibre separations tending to give 
longer damage lengths. These effects were observed primarily using the 
in-situ microscopy technique described in section 3.5.1.
Figure 4.38 shows a micrograph of a single fracture in the fourth fibre 
in a 2 diameter separation array, photographed whilst the coupon was 
under load. The 'damage region', where numerous shock-wave fractures 
have occurred, extends for about 15 diameters (~1.5mm) either side of 
the fracture. The white 'lobes' adjacent to the ends of this region 
represent the areas where shear stress gradients are visible due to the
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photo-elastic behaviour of the resin. These extend over a further 20-25 
diameters axially along the fibre but appear to be largely contained 
radially by the adjacent fibres. This latter point can be more clearly 
seen in figure 4.39 where a fibre at the edge of the array has 
fractured. Here the photo-elastic lobes extend -4 diameters into the 
resin away from the array, equivalent to reaching the third fibre in the 
array on the other side. On the array side however, the lobes stop 
abruptly at the second fibre. It thus appears that on the array side, 
the increased matrix stresses are being carried preferentially by the 
higher modulus (and intact) fibre. This will of course lead to 
overloading of the second fibre according to the stress-concentration 
mechanisms described in section 2.5.2.
Since the damage zones associated with each fracture are very long a 
relatively few failures may result in complete unloading of a fibre 
apart from the short lengths remaining between two failures. Figure 
4.40 shows such a case where a number of fibres have failed over very 
long lengths, (>100 diameters), and the photo-elastic lobes associated 
with two failures in the fifth fibre almost meet. The length of fibre 
intact in this region and carrying a significant proportion of its 
original load is only one or two diameters long.
The effect of two damage zones running into each other along a single 
fibre can also be seen in figure 4.41. This shows a micrograph from a 
10 diameter separation coupon where all the fibres have fractured at 
some point and several have two adjacent failures. Around these latter 
events the photo-elastic lobes are much shorter than those which are not 
affected by other failures demonstrating the axial interaction between
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the two failures. The dynamic nature of the fibre fractures and 
associated matrix damage appears to cause adjacent axial fractures to 
'run-into' each other more than might be expected in an ideal system 
where minimal matrix damage occurred and the critical length concept 
could be accurately applied. Figure 4.41 also clearly demonstrates the 
radial limit of stress transfer between fibres in this system with the 
visible stress patterns from adjacent failures just reaching each other. 
This agrees with the observations from the micro-straining stage work 
where a maximum value of ~5 diameters was estimated for the radial limit 
of stress transfer.
Although it was stated at the start of this section and in 4.3.4 that 
all fibre failures in this system gave essentially the same type of 
matrix damage, a second effect was observed although it was not 
necessarily associated directly with a fibre failure. Figure 4.42 shows 
a micrograph of part of a 4 diameter separation array where most of the 
fibres have fractured at least once giving cracking along the interface. 
At two points in the seventh fibre however fracture appears to have 
occurred causing only large radial disk cracks in the plane of the 
fracture. These cracks extend almost to the adjacent fibres and in 
other cases were observed to have caused failure of these, with the 
crack continuing into the matrix on the other side of this fracture.
This type of failure generally occurred only at applied strains of 
around 0.9% or greater and was initially attributed to failure of the 
relatively short lengths of intact filament between damaged lengths, 
matrix damage being constrained in a small volume around the fracture. 
Since in a number of cases, however, this type of cracking was observed
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in regions where the fibre had already fractured, it was concluded that 
the stress concentration around the tip of an existing small matrix 
crack probably became high enough to allow sudden growth of the crack 
over a length of several fibre diameters through the resin.
The presence of this type of cracking will obviously have a major 
influence on the stress ’seen' locally by adjacent intact fibres and 
must be allowed for in the estimation of stress-concentration factors 
for calculating the actual stress carried by intact filaments.
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TABLE 4.1 
FIBRE DIAMETER AND MODULUS RESULTS
No. of obsvs. Arithmetic Sd Cv
(n) mean
SILICON CARBIDE FILAMENT;
Diameter 241 103 pm 2.1 pm 2.0%
Modulus 500mm gauge 50 343.8 GPa 13.4 GPa 3.9%
100mm gauge 30 343.3 GPa 15.4 GPa 4.5%
50mra gauge 90 343.8 GPa 12.4 GPa 3.6 %
10mm gauge 71 355.3 GPa 15.1 GPa 4.3%
all gauges 241 347.2 GPa 14.7 GPa 4.3%
TUNGSTEN CORE;
Diameter 39 12 pm below experimental
error (±1.0%)
Modulus 39 406.2 GPa 21.5 GPa 5.3%
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TABLE 4.2
STATISTICAL PARAMETERS FROM UNSUPPORTED SINGLE FIBRE RESULTS
Gauge n W Qo r € SD Cv
mm % GPa <7/o <7/o %
A: From ln(e) vs lnln[l/(l-FV) ] plot
500 50 3.2 0.55 1.91 0.98 0.49 0.17 34.6
100 30 3.9 0.60 2.08 0.99 0.55 0.16 28.7
50 90 3.7 0.70 2.43 0.99 0.64 0.19 30.0
10 71 3.0 0.74 2.57 0.95 0.66 0.24 35.8
B: From Maximum Likelihood Estimation
500 50 3.2 0.55 1.91 --- 0.49 0.17 34.6
100 30 4.0 0.60 2.08 --- 0.55 0.15 28.0
50 90 3.6 0.71 2.47 0.64 0.20 30.8
10 71 2.9 0.75 2.60 --- 0.66 0.25 37.6
C: From ln(L) vs ln(e) plot
ALL 241 12.3 0.47-' 1.63* 0.948 --- --- ---
D: 50mm gauge Tungsten core yield and failure data
(ML estimation)
YIELD 39 10.7 0.76 3.21 --- 0.76 0.07 8.73
FAIL 39 20.4 2.17 --- --- 2.11 0.15 7.14
where; n number of observations,
W Weibull shape parameter,
Weibull characteristic failure strain, 
cr0 Weibull characteristic failure stress, 
r correlation coefficient on ln/lnln plot,
"e Weibull mean calculated using parameter estimates, 
SD Weibull standard deviation (calculated as *6),
Cv Coefficient of variation from *i and SD, 
and a0 for a length of 1 metre.
All Weibull parameters estimated using two-parameter single-mode 
function.
TABLE 4.3
CHARACTERISTIC STRAINS CALCULATED BY WEAK-LINK SCALING OF 
UNSUPPORTED SINGLE FIBRE PARAMETER ESTIMATES
A: Characteristic strain values (%)
Gauge Parameter Estimates Weak-link scaled eo estimates
mm W e0 using parameters from gauges:
(Table 4.2) 500 100 50 10
500 3.2 0.55 0.55 0.40 0.38 0.20
100 4.0 0.60 0.91 0.60 0.59 0.34
50 3.6 0.70 1.13 0.71 0.70 0.43
10 2.9 0.74 1.87 1.07 1.11 0.74
B: Percentage errors between these values
Gauge Parameter Estimates Weak-link scaled e0 errors
mm W e0 using parameters from gauges:
(Table 4.2) 500 100 50 10
500 3.2 0.55 0.0 -27.1 -32.0 -64.6
100 4.0 0.60 51.5 0.0 -2.4 -43.5
50 3.6 0.70 59.1 0.5 0.0 -39.4
10 2.9 0.74 149.0 42.3 42.3 0.0
WLS characteristic strains calculated from equation 2.24.
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TABLE 4.4
MULTI-MODAL PARAMETERS FOR 10mm UNSUPPORTED FIBRE DISTRIBUTION
Fracture n 
mode
Surface 43
Core 12
Fitting Single-Mode Function to Whole Data Set;
Both 55 3.0 0.78 2.71 0.69 0.25 36.0
where; n number of observations,
W Weibull shape parameter,
eo Weibull characteristic failure strain,
c0 Weibull characteristic failure stress,
"e Weibull mean calculated using parameter estimates, 
SD Weibull standard deviation (calculated as IT),
Cv Coefficient of variation from e* and SD.
a o
GPa
SD
2.4
21.2
0.83
1.08
2.88
3.75
0.74 0.33 44.5
1.05 0.07 6.25
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TABLE 4.5
STATISTICAL PARAMETERS FROM COATED FIBRE RESULTS
Resin
Gauge n W-
e o ’*’ Oo’ r^ o e SD Cv
mm pm % GPa GPa 07/o 07JO °7JO
100 5 18 3.9 0.67 2.33 0.96 2.08 0.60 0.17 28.1
50 5 39 4.9 0.92 3.19 0.99 2.92 0.84 0.19 23.0
50 30 46 8.6 0.98 3.40 0.99 3.19 0.92 0.13 13.5
50 40 30 6.4 1.05 3.65 0.91 3.40 0.98 0.14 14.5
20 5 35 5.1 0.91 3.16 0.99 2.88 0.83 0.19 22.8
** ln/lnln plot estimation
ESTIMATED MULTI-MODAL PARAMETERS FOR 50mm, 40pm FIBRES
Fracture
mode
Surface 10 4.4 1.29 4.47   2.88 0.83 0.17 19.8
Core 20 31.9 1.07 3.72   0.61 1.04 0.04 3.6
W’ eo and a0 estimated by maximum likelihood
where; n number of observations,
W Weibull shape parameter, 
eo Weibull characteristic failure strain, 
cr0 Weibull characteristic failure stress, 
r Correlation coefficient on ln/lnln plot,
o’ Arithmetic mean failure stress,
"e Arithmetic mean failure strain,
SD Standard deviation on e,
Cv Coefficient of variation from e and SD.
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TABLE 4.6
STATISTICAL PARAMETERS FROM EMBEDDED FIBRE RESULTS
Gauge n W eo a„ ■ r a e SD
ram % GPa GPa % % %
A: From ln(e) vs lnln[l/(l-Pr)] plot 
PMMA Matrix.
100 19 10.2 1.17 4.06 0.98 3.85 1.11 0.13 12.0
50 36 9.0 1.22 4.23 0.96 4.03 1.16 0.16 13.5
20 70 9.2 1.24 4.31 0.96 4.10 1.18 0.16 13.2
Epoxy Matrix.
200 14 13.3 0.98 3.40 0.99 3.26 0.94 0.09 9.4
100 14 12.3 1.02 3.54 0.97 3.40 0.98 0.09 10.1
50 13 12.1 1.08 3.75 0.94 3.61 1.04 0.11 12.0
B: From Maximum Likelihood Estimation
PMMA Matrix.
100 19 10.2 1.17 4.06 . . . . 3.85 1.11 0.13 12.0
50 36 7.7 1.23 4.27 -------- 3.99 1.15 0.18 15.5
20 70 8.0 1.25 4.34 ------- 4.10 1.18 0.18 15.0
Epoxy Matrix.
200 14 13.9 0.98 3.40 3.30 0.95 0.09 9.1
100 14 12.0 1.02 3.54 ------- 3.40 0.98 0.10 10.4
50 13 10.2 1.08 3.75 -------- 3.58 1.03 0.12 12.0
C: From ln(L) vs ln(e) plot
PMMA 125 26.7 1.02*' 3.54* 0.95 ____ ____ ____ — —
Epoxy 43 14.6 0.84- 2.92- 0.99 --- ---
characteristic values for a length of 1 metre.
All Weibull parameters estimated using two-parameter single-mode 
function.
and a calculated from e0, e and modulus = 347.2 GPa.
Remaining notation as table 4.2.
O 
l/l 
(N
146
TABLE 4.7
CHARACTERISTIC STRAINS CALCULATED BY WEAK-LINK SCALING OF 
EMBEDDED FIBRE PARAMETER ESTIMATES
A: Characteristic strain values
Gauge Parameter Estimates Weak-link scaled eo estimates
mm W e0 using parameters from gauges:
PMMA Matrix
(Table 4.2} 200 100 50 20
100 10.2 1.17 1.17 1.12 1.02
50 7.7 1.23 1.25 1.23 1.11
20 8.0 
Epoxy Matrix.
1.25 --- 1.37 1.39 1.25
200 13.9 0.98 0.98 0.96 0.94 ---
100 12.0 1.02 1.03 1.02 1.01
50 10.2 1.08 1.08 1.08 1.08 ---
B: Percentage errors between these 
Gauge Parameter Estimates
values
Weak--link scaled e0 errors
mm W eo using parameters from gauges
(Table 4.2) 500 100 50 10
PMMA Matrix. 
100 10.2 1.17 0.0 -3.9 -12.7
50 7.7 1.23 --- 1.8 0.0 -9.4
10 8.0 1.25 _ _ _ _ 9.6 10.8 0.0
Epoxy Matrix. 
200 13.9 0.98 0.0 -1.8 -3.8
100 12.0 1.02 1.0 0.0 -1.1 -----
50 ' 10.2 1.08 0.3 0.0 0.0 -----
WLS characteristic strains calculated using equation 2.24.
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TABLE 4.8
STATISTICAL PARAMETERS FROM EMBEDDED FIBRE ARRAY RESULTS
Fibre Notnl.
Sep. Gauge n W €o r e SD cv
Diams. mm % % % %
From ln(e) vs lnln[l/(l-Pi-)] plot
2 200 39 9.0 0.81 0.98 0.77 0.10 13.4
2 100 71 10.1 0.84 0.98 0.80 0.10 12.1
2 50 103 11.1 0.85 0.99 0.81 0.09 11.2
4 200 79 8.2 0.80 0.98 0.76 0.11 14.7
4 100 147 8.1 0.85 0.98 0.80 0.12 14.8
4 50 256 8.0 0.89 0.98 0.84 0.13 15.0
6 200 50 9.5 0.81 0.95 0.77 0.10 12.9
6 100 98 8.6 0.87 0.96 0.82 0.12 14.1
6 50 170 8.2 0.92 0.98 0.87 0.13 14.6
8 200 31 21.2 0.95 0.98 0.93 0.06 6.3
8 100 50 19.3 0.98 0.98 0.95 0.06 6.8
8 50 71 19.5 0.99 0.99 0.96 0.07 6.7
10 200 18 31.2 1.00 0.99 0.98 0.05 4.6
10 100 33 31.4 1.01 0.98 1.00 0.05 4.6
10 50 44 28.1 1.03 0.98 1.01 0.05 5.0
From Maximum Likelihood Estimation
2 200 39 9.1 0.81 --- 0.77 0.10 13.4
2 100 71 10.0 0.84 --- 0.80 0.10 12.2
n 50 103 11.1 0.85 --- 0.81 0.09 11.1
4 200 79 7.2 0.81 --- 0.75 0.12 16.5
4 100 147 6.8 0.86 --- 0.80 0.14 17.3
4 50 256 6.8 0.90 ■--- 0.84 0.15 17.4
6 200 50 8.3 0.81 --- 0.77 0.11 14.5
6 100 98 7.5 0.87 --- 0.82 0.13 15.9
6 50 170 7.6 0.93 --- 0.87 0.14 15.7
8 200 31 20.7 0.95 ___ 0.93 0.06 6.4
8 100 50 17.9 0.98 --- 0.95 0.07 7.2
8 50 71 18.7 0.99 --- 0.96 0.07 7.0
10 200 18 31.6 1.00 ___ 0.98 0.05 4.6
10 100 33 28.7 1.02 --- 1.00 0.05 4.9
10 50 44 24.3 1.03 --- 1.01 0.06 5.6
Notation and parameter estimation as table 4.2.
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Figure 4.6 Failure strain data for unsupported single fibres 
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10mm), plotted vs probability of failure. Solid 
line represents the yield strain results of tests 
on the 12pm tungsten-core filament.
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Figure 4.7 Failure strain data for unsupported single fibres
tested at four gauge lengths and plotted on Weibull 
ln(er) vs Inin[l/(1-Pr)] axes. Additional line 
represents the yield strain results of tests on the 
12pm tungsten-core filament.
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Figure 4.10 Failure strain data from (a) 500mm and 10mm gauge
tests and (b) 100mm and 50mm tests, plotted against 
probability of failure. Solid lines represent 
estimated distributions from weak-link scaling 
between the lengths shown.
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(
a) b)
Figure 4.11 Scanning electron micrographs of (a) surface defect 
initiated failure in unsupported SiC fibre and (b) 
failure initiating at the tungsten filament core.
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Figure 4.12 Failure strain data from 10mm gauge tests plotted 
on Weibull ln/lnln axes and showing which failures 
are attributable to which of the two different 
fracture modes (multi-modal data).
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Figure 4.13 Multi-modal failure strain data from 10mm gauge
tests plotted (a) vs probability of failure and (b) 
on Weibull ln/lnln axes. Dotted line represents 
the estimated single-mode Weibull distribution and 
solid line the estimated multi-modal distribution.
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Figure 4.14 Failure strain data from 100mm gauge unsupported
fibre tests and 100mm gauge, 5pm epoxy resin coated 
fibre tests plotted vs probability of failure.
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Figure 4.16 Failure strain data from 50mm gauge, 40pm epoxy
resin coated fibre tests plotted vs probability of 
failure. Dotted line represents the estimated 
single-mode Weibull distribution and solid line the 
estimated multi-mode Weibull distribution assuming 
the failure modes shown.
/\
a,
CL
v
OL3
O0.
CLo
ns
ia.
X
Coated Fibres
Gauge Length and 
Coating thickness 
v 20mm* Sum 
<► 50mm* Sum 
a 50mm* 30um 
o 50mm» 40um 
x 188mm* Sum
rrrrryTmTTTprrii Minimi mipnumt rnmtn
10 12 14 16 18
. . . X10“1
Failure strain <50
20
Figure 4.17 Failure strain data from 100mm gauge, 5pm, 50mm 
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resin coated fibre tests plotted vs probability of 
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Figure 4.18 Concept of 'notional gauge lengths’ for coupons 
where a fibre may fail several times at varying 
strains, thus allowing analysis of a single gauge 
length sample as a number of shorter length 
segments.
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Figure 4.19 Failure strain data for single fibres embedded in
PMMA resin, tested at 100mm gauge lengths (and with 
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probability of failure and (b) on Weibull ln(e-r) vs 
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Figure 4.20 Mean failure strains from PMMA matrix embedded
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lengths) plotted on Weibull/In(length) vs ln(mean 
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Figure 4.21 Sequence of three failures at increasing strains in 
a 100mm gauge PMMA embedded fibre coupon. A 
’damage zone’ approximately 10 diameters long is 
associated with each failure, (transmitted 
polarised light).
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Figure 4.22 Type I matrix cracking in PMMA matrix micro-tensile 
coupon, (transmitted polarised light).
4 v O O M m ’
Figure 4.23 Type II extended matrix cracking in PMMA matrix 
micro-tensile coupon, (transmitted polarised 
light).
SCO Aim’
Figure 4.24 Type I (upper fibre) and type II ilower fibre)
matrix cracking around two adjacent fibres spaced 
~8 diameters apart, (micro-tensile coupon, 
transmitted polarised light).
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Figure 4.25 Failure strain data for single fibres embedded in
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and 50mm gauge lengths plotted (a) vs probability 
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Figure 4.27 Optical micrograph of matrix cracking around fibre 
fracture in epoxy resin microtensile coupon, 
(transmitted polarised light).
1 200 ym ’
Figure 4.28 Optical micrograph of polished longitudinal section 
of fibre in epoxy matrix coupon. Each individual 
fracture appears to be associated with a small 
radial matrix crack, (see figure 4.27), (reflected 
light).
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Figure 4.32 Measured failure strain data for 2 diameter
separation embedded fibre array tested at 200mm 
gauge lengths (and with 100mm and 50mm notional 
gauge data) plotted (a) vs probability of failure 
and (b) on Weibull ln(et) vs lnln[1/(1-Pr)] axes. 
Solid lines represent estimated single-mode Weibull 
distributions.
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Figure 4.33 Measured failure strain data for 4 diameter
separation embedded fibre array tested at 200mm 
gauge lengths (and with 100mm and 50mm notional 
gauge data) plotted fa) vs probability of failure 
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Solid lines represent estimated single-mode Weibull 
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Figure 4.34 Measured failure strain data for 6 diameter
separation embedded fibre array tested at 200mm 
gauge lengths (and with 100mm and 50mm notional 
gauge data) plotted (a) vs probability of failure 
and (b) on Weibull ln(e^) vs lnln[l/(l-P*)] axes. 
Solid lines represent estimated single-mode Weibull 
distributions.
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Figure 4.35 Measured failure strain data for 8 diameter
separation embedded fibre array tested at 200mm 
gauge lengths (and with 100mm and 50rnm notional 
gauge data) plotted (a) vs probability of failure 
and (b) on Weibull ln(ef) vs lnln[1/(1-Pr)] axes. 
Solid lines represent estimated single-mode Weibull 
distributions.
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Figure 4.36 Measured failure strain data for 10 diameter
separation embedded fibre array tested at 200mm 
gauge lengths (and with 100mm and 50mm notional 
gauge data) plotted (a) vs probability of failure 
and (b) on Weibull ln(e-r) vs lnln[l/( 1-P*) ] axes. 
Solid lines represent estimated single-mode Weibull 
distributions.
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Figure 4.38 Optical micrograph of 2 diameter separation
embedded fibre array showing fracture of 5th fibre 
in the array with matrix cracking due to shock-wave 
fracturing of the filament. Photo-elasticity of 
resin shows the region over which stress transfer 
between matrix and fibre occurs. (Micrograph taken 
in-situ with coupon under load, transmitted 
polarised light).
Figure 4.39 Optical micrograph of 2 diameter separation
embedded fibre array showing fracture of 1st fibre 
in the array with matrix cracking due to shock-wave 
fracturing of the filament. , Photo-elasticity of 
resin shows difference in stress distribution in 
matrix on the matrix-side and array-side of the 
failed filament. (Micrograph taken in-situ with 
coupon under load, transmitted polarised light).
Figure 4.40 Optical micrograph of 2 diameter separation
embedded fibre array showing two adjacent fractures 
in 5th fibre in the array with matrix cracking due 
to shock-wave fracturing of the filament. 
(Micrograph taken in-situ with coupon under load, 
transmitted polarised light).
Figure 4.41 Optical micrograph of 10 diameter separation 
embedded fibre array showing numerous fibre 
fractures with extensive matrix cracking due to 
shock-wave fracturing of the filament. (Micrograph 
taken in-situ with coupon under load, transmitted 
polarised light).
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Figure 4.42 Optical micrograph of 4 diameter separation
embedded fibre array showing large radial matrix 
cracks around fractures in 7th fibre. Note:there 
are no shock-wave or matrix cracks associated with 
this damage. (Micrograph taken in-situ with coupon 
under load, transmitted polarised light).
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5 Discussion
It is a fundamental assumption of the models discussed in section 2.5.4 
for relating fibre strength to bundle strength that the strength and 
properties of the fibre in a resin matrix are essentially the same as 
those of the unsupported fibre tested as a single unit. From the 
results in section 4 it is clear that for the CVD silicon carbide 
(tungsten core} fibre in a flexibilised epoxy matrix this assumption is 
invalid. Firstly, the strength distribution of the single fibre is 
significantly altered by coating the filament with resin (sections 4.2 
and 4.3), and secondly, when tested as part of a small array of 
filaments the initial failure strain of the embedded fibre is reduced by 
the presence of adjacent filaments.
To attempt to resolve these discrepancies a more exact examination of 
the strength of the unsupported single fibre results is first required.
5.1 The Strength of Single Unsupported SiC Fibres
The results presented in sections 4.1.1 and 4.1.2 show that there is 
little significant measured variation in either the filament diameter or 
elastic modulus. In particular, the fibre diameter is extremely regular 
and it is not necessary to allow for size variation when examining the 
fibre strength distributions. Although the modulus results show some 
variation with gauge length, this is probably due to the limitations of 
the extension measurement system and is unlikely to represent an actual 
change in the property with fibre length. The value obtained for the
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modulus of the 12pm diameter tungsten filament (406 GPa) agrees exactly 
with ’book' values [123] but the value of 347 GPa for the SiC fibre is 
significantly lower than that of bulk SiC (470 GPa, [123]) and also the 
manufacturers value for this filament (£410 GPa). This low value is 
unlikely to be due to experimental technique since the same method gave 
an 'accurate' result for the tungsten filament. The discrepancy 
suggests that either; there is significant microporosity within the 
ceramic, or, the SiC structure is either silicon or carbon rich (ie. 
non-stoichiometric), or, there is preferred crystallographic orientation 
within the material. Any of these could result in a reduction of the 
elastic modulus and all have been observed in chemical vapour deposited 
filaments, [35,46,112] although not necessarily in fibres from this 
manufacturer.
Although the fibre modulus value was lower than expected it showed 
relatively little variation and thus this discrepancy should not affect 
the comparison of fibre strength between the various 'composite' systems 
examined here.
Plotting the mean failure strains from the unsupported single fibre 
results on ln(L) vs In (e) axes (figure 4.9) suggests that approximate 
weak-link scaling is possible over the whole range of gauge lengths 
tested. However, of the 500, 100, 50 and 10mm fibre strength 
distributions only the 100 and 50mm data-sets fully obey the fundamental 
weak-link scaling (WLS) assumption of the Weibull function, with 
accurate estimation of both the position and shape of the other 
distribution being possible, (figure 4.10 and table 4.3). The 
characteristic failure strain of the 500mm filaments is 30% higher than
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these two distributions predict and the 1Oram characteristic failure 
strain 42% lower. From SEM examination of fibre fracture surfaces 
however, it is clear that the 10mm results cannot be treated as a 
single-mode Weibull (SMW) function and the multi-mode Weibull (MMW) 
distribution has been used, (figure 4.13 and table 4.4). The 
characteristic and mean failure strains of the 10mm distribution are 
significantly affected by the 12 core initiated failure points at the 
upper-end of the data-set. By removing these 12 values and substituting 
a set of points which correspond to an extension of the surface 
initiated section of the distribution new characteristic and mean 
strains can be estimated. These values may then be compared with those 
from the 50 and 100mm filaments as if all three were wholly governed by 
similar flaw spectrum.
Mean and characteristic values were calculated using the SMW parameters 
from the complete set of 10mm observations, (since these estimates give 
good agreement with the surface initiated section of the data). This 
new 10mm gauge mean failure strain is plotted in figure 5.1 on a ln(L) 
vs ln(e) graph together with the measured values at all four gauge 
lengths. A straight line (CD) is shown fitted through iust the 100 and 
50mm points, these being known to weak-link scale. The estimated 10mm 
mean failure strain (line AB) falls within 5% of the estimated WLS value 
from the 50 and 100mm line on this plot and fits exactly if a gauge 
length of -12mm is assumed instead of 10mm. Since the loaded gauge 
length of sample is almost certain to exceed the set grip separation an 
error of this magnitude is quite possible. From this calculation it 
appears that fracture of the surface initiated section of the 10mm 
distribution can be attributed to a similar defect spectrum as failure
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in the 50 and 100mm filaments. The Weibull parameters for the line 
fitted to this data are W=4.6 and eo=0.37% for a 1 metre long filament. 
This plot also shows the relationship between failure strain and fibre 
length estimated using a bi-modal Weibull function and the parameter 
estimates from the 10mm gauge filament results, (line EF). This 
function clearly does not fit to the observed results.
Although this estimation of the Weibull parameters gives good agreement 
with the observed data at gauge lengths below 100mm it gives a value for 
the mean failure strain of a 500mm gauge length fibre ~30% lower than 
the measured value. This agrees with an observation made by Cantagrel 
and Marchal [124] in tests on a similar fibre, strength showing little 
decrease at gauge lengths over 100mm. This effect is unusual but simply 
tends to indicate that the most severe flaw which occurs in the fibre 
does so at intervals of less than 500mm and possibly in lengths as short 
as 100-200mm. Testing of lengths greater than 500mm would thus show no 
further reduction in strength. The use of a three-parameter Weibull 
function (Xw >q ) should allow the estimation of strengths and failure 
strains at these longer lengths. In practice information on such long 
fibres may be unnecessary since when placed in a matrix it is the 
behaviour of short lengths which is of primary interest.
From the tests on the 10mm filaments it is clear that testing of very 
short lengths of this fibre will give an increasing proportion of 
core-initiated failures. In the observations on 10mm fibres all these 
failures occurred at strains between 0.93% and 1.13%. A slight 
discrepancy exists between the mean failure strain value of 1.05% for
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this section of the 10mm data and the measured mean yield strain of 
0.76% for the 12pm diameter tungsten core filament alone. The 
load/extension curve for the tungsten filament alone, (figure 4.2) shows 
that although there is considerable deformation between the yield point 
and the final mean failure strain (2.17%), the applied load is still 
increasing when the filament fractures indicating a brittle (but not 
elastic) fracture mode. There is no evidence of localised ’necking’ 
before failure. Any general reduction in cross-section of the tungsten 
when embedded in SiC would lead to fracture of the ceramic and SEM 
examination of core initiated fibre failures shows no sign of debonding 
between the two materials.
In practice the tungsten will be subject to a bi-axial stress state when 
embedded in the SiC (assuming some degree of metal/ceramic adhesion) and 
this may either prevent radial contraction of the tungsten until some 
critical applied axial strain is reached or the SiC may initially 
contract at the same rate as the tungsten. From the properties listed 
in table 5.1 it can be seen that the Poisson’s ratio of tungsten is 
greater than that of SiC, hence a radial tensile stress will develop 
across the interface between the two. The calculation of this stress 
for an elastic system can be made relatively simply using the analysis 
in appendix 3 [125]. Using this series of calculations it can be shown 
that at an applied axial strain of *1.0% a tensile stress of £1 GPa 
could develop across the interface, however this is for an elastic 
system and yielding of the tungsten would increase this value.
In addition to this effect it is highly probable that the mechanical 
properties of the tungsten core may be altered by diffusion of silicon 
and/or carbon into the metal surface during the CVD fabrication process.
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Either of these elements may cause embrittlement of the metal, leading 
to an increase in the yield point and a corresponding reduction in the 
radial tensile stress across the interface, (for a given axial strain), 
compared to the value if the tungsten had plastically deformed. The 
critical radial stress value at which interfacial failure will occur 
will then only be reached at a higher axial strain.
Diffusion effects are particularly important in tungsten-cored boron 
fibres where the development of tungsten boride compounds along the 
interface can lead to swelling of the metal core by as much as 20%, 
ultimately leading to longitudinal splitting of the ceramic coating 
[46]. Although difficult to quantify without considerable further 
experimentation a general idea of the importance of diffusion effects 
can be gained from a simple test such as a microhardness examination. 
Typical book values for the Vickers hardness of pure (undrawn) tungsten 
are in the region of 390, tests on the uncoated tungsten filament used 
as the SiC substrate gave values of 420-450 and on the filament in the 
SiC fibre 2600-700. Although this represents a large change in the 
material property it should only be treated as a general trend due to 
the experimental difficulty in making these measurements on such small 
samples, particularly when the backing materials are very different,
(SiC in one case and an epoxy metallographic mounting resin in the 
other). Since a change in hardness corresponds to an approximately 
proportional increase in yield point of the metal, this 230% increase in 
microhardness can be equated to a rise in the yield point of the 
tungsten from the measured value of 0.76% to 21.0% strain, almost the 
exact value suggested from the SiC filament tests.
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A further factor which will affect the strain on the tungsten core 
compared to the applied strain on the complete fibre is the presence of 
any residual stresses in the filament as a result of the fabrication 
process or the growth mechanism of the SiC. These stresses may simply 
be the result of the mis-match between the thermal expansion 
coefficients of tungsten and SiC or possibly any change in the volume of 
the tungsten due to the diffusion effects discussed above. The 
magnitude of axial stresses was examined by mechanically polishing 
lengths of filament in half along their longitudinal axis and then 
measuring the radius of curvature of the remaining half. For a 100pm 
diameter fibre this is a relatively simple process. 50mm lengths of 
filament were glued to flat tool-steel blocks with an epoxy adhesive. 
While the adhesive cured the blocks were heated to 50°C to ensure that 
only a thin layer of resin formed and the fibres remained flat against 
the steel surface. A number of these blocks were polished on 500 grit 
silicon carbide papers using a rotary metallographic polisher. - 
Polishing was continued until half the fibre thickness had been removed, 
leaving flat axial sections of the fibres, each 100pm across. The 
remaining adhesive was burnt off in an oven at 600°C and the radii of 
curvature of the filament sections measured using an optical macroscope. 
Samples produced in this way showed a definite curvature, the tungsten 
core on the convex face indicating a residual tensile stress in the 
outer SiC surface of the as-manufactured filament.
The radii of curvature of these samples was 32.4mm. Using standard 
bending theory [126] and calculating the neutral axis to be 23.7pm from 
the tungsten face of the sample this corresponds to a compressive stress 
of 0.30 GPa (0.073% strain) in the centre of the tungsten core and a
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tensile stress of 0.44 GPa (0.11% strain) in the outer surface of the 
silicon carbide. Using a simple compound bar model [126] (appendix 4 
and computer program in appendix 5-5), thermal contraction effects on 
cooling can be shown to account for only ^one-third of this compressive 
stress in the tungsten, suggesting that the growth mechanism of the SiC 
plays an important part in producing these stresses. The examination of 
this in more detail would be of some interest and techniques such as 
X-ray diffraction, transmission electron microscopy (TEM) and scanning 
Auger microscopy may yield useful information about the crystallography 
and quantitative structure of the two materials.
The importance of this stress distribution across the fibre, and in 
particular that of the filament surface being under a significant axial 
tensile stress is discussed further in the following sections on fibres 
surrounded by a resin matrices.
5.2 The Strength of Single SiC Fibres in a Resin Matrix
The results of the tests on single fibres in epoxy matrices (sections
4.2 and 4.3) showed that the resin inhibits surface initiated failure 
and fractures initiate predominantly at the tungsten core, or, as 
suggested above, at the tungsten/SiC interface. This was observed 
primarily in 50mm gauge length fibres, at which length there was no 
evidence of core initiated failure in the unsupported single fibres. 
Although only a small number of fibre fracture surfaces were examined at 
each resin coating thickness, (5, 30, 40pm and 2mm), fractures at
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>£0.96% strain generally appeared to be core initiated. The proportion 
of observations between this value and the maximum observed failure 
strain of 21.16% increased with increasing resin thickness from 31% for 
the 5pm coated results to 77% for the 40pm coated fibres and 92% for the 
fibres embedded in 4mm thick coupons, {50mm gauge tests, figures 4.17 
and 4.25). The coefficients of variation for these sections of the 
<40pm coated fibre failure strain distributions are 25% and for the 
embedded fibres 212%. The coefficient of variation from the measured 
yield strain of the tungsten filament alone is 29%, {section 4.1.3 and 
table 4.2). The failure strains from the 200, 100 and 50mm gauge fibres 
embedded in 4mm resin coupons, {where practically all failures were 
believed to be core-initiated), obeyed the Weibull weak-link scaling 
assumption well. A ln{L) vs lnfe) plot gave W=14.6 and eo=0.84% {for a 
1 metre filament). The coefficient of variation calculated from this 
value of W is 28%, almost identical to that of the tungsten core yield 
strain.
In the previous section it was shown that the surface of the SiC{W) 
fibre is subject to a significant residual tensile stress, (0.44 GPa, or 
20.11% strain). It is possible that coating the filament with a resin 
layer influences this surface behaviour and alters the observed fibre 
strength distribution. Since the thermal expansion coefficient of the 
epoxy resin coating is much greater than that of SiC. (table 5.1), a 
compressive stress will be imposed on the fibre as the 'composite' cools 
from the resin softening temperature after post-curing. Additional 
compressive stresses may result from curing shrinkage of the resin but 
these stresses should be removed by the postcuring process. Typical
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axial shrinkages of ~2% were observed in the flexibilised epoxy resin 
between the start and finish of the cure cycle at 100eC.
The extent to which the thermally generated stress will constrain the 
fibre will be determined by the volume fraction of fibre, the relative 
moduli of the fibre and matrix and the relative thermal expansion 
coefficients. For strain uniformity to be maintained in the fibre, any 
compressive strain generated by the resin must be distributed equally 
across the filament cross-section. If this assumption is made, the 
compressive strain generated in the fibre by a resin layer can be 
calculated using a simple compound bar model (appendices 4 and 5-5). 
Using this model and the material properties in table 5.1 a 40pm resin 
layer can be shown to give a compressive strain of ~0.004% across the 
whole fibre. This represents only one-hundredth of the observed 
increase in the mean fracture strain of the fibre when coated with 
resin.
A second mechanism which may be responsible for the inhibition of 
surface initiated failure is the mechanical constraint the resin will 
impose on an opening crack. Figure 5.2 shows a schematic representation 
of a surface, subject to an applied tensile stress, and which contains a 
crack growing inwards. To cause the crack to propagate it must open at 
the surface of the material. When the surface is coated with a second 
phase, (in this case a resin matrix), crack opening will be constrained 
since additional work must be done locally in deforming the resin around 
the crack (figure 5.2). This local deformation of the matrix will be 
resisted since it must itself be in a state of uniform strain. The 
magnitude of the crack opening displacement (and thus the energy 
available to propagate the crack through the filament) will therefore be
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less at a given applied strain than for the unsupported single filament 
case. A method for calculating the magnitude of this effect is 
presented in a paper.by Aveston and Sillwood [127] and the equations 
from this are listed in appendix 4 together with the compound-bar 
thermal constraint model, (computer program appendix 5-6). Making this 
calculation for SiC coated with 40pm of resin suggests a fracture strain 
increase of £0.03% due to mechanical constraint of surface cracks.
From these calculations these effects can account for only a fraction of 
the observed change in the fibre fracture behaviour between the 
unsupported and coated filament results. Intuitively the most likely 
reason for this discrepancy is that the assumption of a uniform strain 
distribution across the sample is not valid. Since elastic modulus is a 
material constant, local variations in strain can only occur if a 
mechanism other than the elastic movement of atoms is available for 
localised deformation, fracture of the sample must otherwise occur.
Since the SiC grows out from the tungsten substrate as nodules, (figure 
3.1), it is likely that there is a crystallographic discontinuity,
(which can be considered as an atomic scale crack), between each pair of 
nodules. These nodules are only £4pra in diameter and hence a large 
number of 'cracks' occur in a very small surface area. These 'cracks’ 
may provide a mechanism for localised compression of the filament 
surface without producing an elastic strain discontinuity in the silicon 
carbide itself. If this behaviour is assumed possible then constraint of 
the fibre, by both mechanical and thermo-mechanical mechanisms, can be 
re-evaluated in terras of the resin affecting only a thin layer of SiC 
rather than the whole fibre cross-section.
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Assuming that the resin is completely elastic and is well-bonded to the 
fibre, the approximate depth of the fibre surface which will be 
constrained to a given degree can be estimated by again using a 
compound-bar model, appendix 4, [126]. The area of SiC which will be 
constrained to a given level is calculated based on the resultant 
compressive strain, the area of resin and the relative mechanical 
properties of the two materials. This overall SiC area is then 
converted to a taurus shape with outer diameter equal to the filament 
diameter. The thickness of this taurus then gives the constraint 
’depth', assuming , of course, that the central cylinder of SiC within 
this shape has little effect, clearly an oversimplification. Values are 
listed in table 5.2 for the depth of fibre immediately adjacent to the 
filament surface which will 'see' a compressive strain of >0.36% due to 
thermal contraction of the surrounding resin layer. The value of 0.36% 
represents the difference between the mean failure strain of the 50mm 
gauge length unsupported single filaments (0.64%) and the mean failure 
strains of the core initiated sections from the 50mm gauge 5-40pm coated 
fibre and the 10mm unsupported single fibre distributions, (all £1.0%). 
Based on these figures, if it is assumed that the surface of a 50mm 
gauge fibre can be compressed by 0.36% strain without affecting the 
strain on the tungsten core then, when loaded, core initiated failure is 
likely to occur at £1.0% applied strain before fracture initiates from a 
point on the fibre surface.
From this table it can be seen that a 50pm resin layer compresses a 
fibre surface layer only 0.8pm deep to a strain of 0.36% or more but 
that the thickness of the constrained layer increases rapidly with
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increasing resin thickness, (the increase is approximately linear with 
the resin area). Since an increase in the proportion of core initiated 
failures was observed in fibres coated with only 5pm of resin this 
reinforces the evidence from SEM examination of fracture surfaces that 
the defects on the fibre surface causing failure are literally at the 
surface of the filament rather than merely being close to it. Using 
Griffith's model [3] to calculate the critical surface flaw size for the 
SiC fibre, assuming a semi-elliptical crack with tip radius of similar 
magnitude to the atomic separation in the material then crack depths of 
<50nm are required to give failure at strains of 0.6-1.0%. At these 
levels a resin layer which compresses a 0.8pm (800nm) thickness of resin 
thus becomes quite important and could easily lead to a reduction in the 
number of surface initiated failures, or at least an increase in the 
observed filament strength, exactly the observation which can be made 
from the data in figure 4.15.
Referring to table 5.2 again, a resin layer only -450pm thick is 
required to generate 0.36% compressive strain across the whole fibre 
including-the tungsten core, hence, it may be expected that the failure 
strain distributions for the fibres embedded in the 4mm thick resin 
coupons should show a distinct increase in mean failure strain to a 
value well above 1.0%. In practice, although there were certainly few
(if any) surface initiated failures in the embedded coupon tests, the
fibre failure strains were not significantly higher than the core
initiated results from the more thinly coated filaments. The most
probable reason for this is that the resin matrix close to the fibres 
deforms plastically rather than purely elastically, thus reducing the 
degree of constraint. The stress/strain curve of the flexibilised epoxy
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resin used in these coupons showed no true elastic section but rather a 
gradual yielding with considerable plastic deformation and a 35% 
reduction in the tangent modulus to the curve between 0.0 and 1.0% 
strain. Close to the fibre, radial contraction of the resin onto the 
fibre and stress transfer by shear along the interface will place the 
resin under higher shear loads than in the bulk of the coupons and 
plastic deformation will be even more significant. Under these 
circumstances only a relatively small volume of matrix immediately 
adjacent to the fibre is likely to constrain the surface, regardless of 
the size of the complete coupon.
This is confirmed to some degree by comparison of fibre failure strains 
in flexibilised and non-flexibilised epoxy resin coupons, the latter 
being closer to an ideal elastic solid and with higher elastic moduli 
and greater contraction when cooled from the cure temperature, (due 
primarily to a higher softening temperature). Although both data sets
gave Cv's 0f approximately , (10% and 6%), the characteristic fibre 
fracture strain for the non-flexibilised resin matrix was 1.22% compared 
to 1.02% for the flexibilised matrix. The compound bar model gives an 
overall compressive strain for a fibre in the non-flexibilised matrix 
~0.25% greater than for the flexibilised system, this corresponding very 
closely with the observed difference in the characteristic strains. The 
brittleness of the non-flexibilised resin made it unsuitable for the 
most of this project, since the first fibre fracture caused catastrophic 
failure of the whole coupon.
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5.3 The Strength of Planar Arrays of SiC fibres in a Resin Matrix
In the previous section the failure behaviour of single filaments was 
shown to be modified by the presence of a matrix phase. It was 
suggested that the resin matrix constrained the fibre surface, reducing 
the effect of stress-concentrating flaws in this area. This constraint 
results in fracture of embedded single filaments being observed only at 
applied strains of >0.8%, with coefficients of variation for failures at 
the three gauge lengths examined ranging from 9-12%, much less than for 
the unsupported fibres (>28%).
When tested as a planar array the behaviour of the filament appears to 
be modified still further. Figure 4.37 shows the failure strain 
distributions for 200mm gauge results from all the array coupons tested, 
(this is equivalent to plotting the applied strain at which the first 
failure occurred in each of the 10 fibres in each coupon). Comparison 
with figure 4.25a shows that although the 8 and 10 diameter separation 
results are very similar to the embedded single fibre distributions the 
2, 4 and 6 .fibre diameter spaced coupons give failures over a much wider 
applied strain range starting at only 0.5-0.6%. This increase in 
initial failure strain with increasing fibre separation is also shown in 
figure 5.3 where the applied strain at which the first fibre failure 
occurred in each coupon is plotted against fibre separation. Since 
stress-concentrations from adjacent failed fibres will not become 
important until after the first failure this effect cannot be attributed 
directly to inter-fibre load-sharing. Following the constraint argument 
discussed in the previous section the most likely solution is that this 
effect is reduced in the closely spaced arrays giving a surface stress
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distribution in the filament more comparable to that in the unsupported 
or thinly coated samples than the embedded single fibres.
Comparison of the failure strain distributions from the coated filaments 
(figure 4.15) and the arrays (figures 4.37 and 5.3) shows that the 
initial failure strains of the 2, 4, 6 fibre diameter spaced arrays are 
similar to those of the coated fibres (0.5-0.6% applied strain). Since 
the fibres in even the 2 diameter separation arrays are each surrounded 
by a resin layer twice as thick as the maximum investigated in the 
coated single fibres this strengthens the argument for the presence of a 
mechanism which reduces the relative level of surface constraint in the 
arrays.
Referring again to these figures it can be seen that the upper tails of 
these same array distributions, (2, 4, 6 diameters), are at 
significantly lower strains than the core initiated sections of the 
coated/embedded single filaments. This could indicate that these 
failure strain distributions are simply displaced relative to the 
embedded single fibre results, however, it is more likely that this 
shift is the result of local-load-sharing, failed filaments causing 
local stress-concentrations in adjacent fibres which thus fracture at 
lower measured strains.
The magnitude of surface constraint on the fibre will be affected by the 
thickness of the resin layer around the filament, and since this, in 
turn, will be affected around at least part of each fibre by the 
proximity of the other fibres in the array, it is likely that the change 
in fracture behaviour is linked to this minimum matrix thickness. Since 
any constraint effects generated by this ’neck’ of resin have to be
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distributed between two fibres rather than just one, the magnitude of a 
compressive force imposed on the filament surface must be that of a 
single fibre surrounded by a similar resin layer. Table 5.3 lists 
values for the depth of fibre surface subjected to a compressive strain 
of 0.36% by resin layers of the thicknesses separating the filaments in 
the array coupons. These estimates were generated using the thermal 
compound-bar model described and used in the previous section. From 
table 5.2 and figure 4.15 it was noted that a constrained depth of ~lpm 
was sufficient to almost totally eliminate surface flaw initiated fibre 
failure. Table 5.3 shows that for all but a 100pm resin gap ,(2 
diameter separation centre-to-centre), the constrained depth values are 
much greater than 1pm but the CDF's from these arrays are more 
comparable to the unsupported filaments than the coated ones, suggesting 
that other more significant effects may be responsible for constraint 
reduction. (It should be noted that plastic deformation of the resin 
will reduce these values which are for an ideal elastic system).
A second effect which will become more significant as the inter-fibre 
spacing is reduced is the radial stress generated across the 
fibre/matrix interface. Since the resin used has a greater Poisson’s 
ratio than the fibre (table 5.1) a compressive radial stress will 
develop across the interface around a single embedded filament. For a 
fibre array, assuming that the filaments cannot move with respect to 
each other, the matrix neck between two fibres will tend to ’shrink 
away’ from the interface as an axial tensile load is applied to the 
coupon. The resulting tensile stress will, again, be confined to the 
areas where the fibre surfaces approach most closely, but will
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nevertheless reduce the radial constraint on the fibre and may thus 
reduce the initial fibre failure strain. If the matrix is assumed to be 
completely elastic, with the properties listed in table 5.1, an applied 
strain of 0.6%, (the approximate initial failure strain of fibres in the 
closely spaced arrays), will result in a tensile radial strain of 0.23% 
(~5 MPa) across the fibre/resin interface. Plastic deformation of the 
resin will inevitably reduce this.
Reducing the failure strain at which the fibre fractures will reduce the 
energy release associated with the failure. To some extent this will 
account for the reduction in ’damage length' around a failure as the 
inter-fibre spacing is decreased, (section 4.4.2). Variations in the 
resin mechanical properties immediately around the fibre may also play a 
part in this. Reduction of the resin modulus, (as plastic deformation 
occurs), will give it a greater damping capacity and may thus reduce the 
effect of the energy shock-wave released by the fibre fracture. No 
significant change was observed in the lengths of fibre fragments, (2-3 
filament diameters), within the damage zones as the inter-fibre spacing 
was varied.
Secondary fibre fracturing of this magnitude has not been observed in 
high fibre volume fraction ’real’ composites and this is almost 
certainly due to the minimal constraint effects in these systems, this 
resulting in relatively low failure strains.
The interface properties are also likely to strongly influence these 
shock-wave effects. A high degree of mis-match between the properties 
of fibre and matrix is likely to channel the wave along the filament, 
probably resulting in more extensive damage to the fibre than if it
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could be dissipated into the matrix. In this respect the sharply 
defined interface in this system is likely to result in more filament 
damage than, {for instance), in the ’extended' interfacial reaction zone 
in SiC/Ti metal matrix composites where fibre/matrix interaction leads 
to a more gradual change from one to the other. Shock-wave fracturing 
of filaments is not normally seen in these materials although in-situ 
visual observation is obviously impractical and can only be made once 
the matrix has been chemically removed.
A possible method of determining if the initial fibre failure strain is 
linked to the presence of the matrix ’neck’ between two fibres is to 
compare the data from the central fibres in the array, (numbers 5 and 
6), with the two outer fibres, (1 and 10), where thermal and mechanical 
effects caused by neighbouring fibres will be minimised. Figures 5.4a 
and 5.4b show e vs Pr plots of the measured initial failure strains in 
fibres 5/6 and fibres 1/10 in each array at each separation. Comparison 
of the two plots shows little obvious difference although this may not 
necessarily mean that there is no effect but could simply be an 
indication that more data is required to allow observation of a very 
slight change. In addition, since these values represent the first 
failures in these fibres and are obviously not all the first failures in 
a coupon, some of these data points may be affected by 
local-load-sharing from adjacent failures.
Overall, although a quantitative evaluation of the effect of 
neighbouring fibres on the constraint of the filament surfaces could not 
be made, a general examination thus shows that at certain points on each 
fibre, resin constraint is likely to be reduced compared to the embedded 
single filament. This will lead to a reduction in the initial fibre
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failure strain. Further work on the examination of the initial fracture 
surfaces from these filaments may show some failures do not initiate at 
the filament core but are the result of crack propagation from surface 
flaws in these areas of reduced constraint.
To test if local-load-sharing (LLS) is occurring it is necessary to look 
at all the failure strain values from a particular coupon, (or series of 
coupons), rather than just a relatively small predetermined number 
decided by an arbitrary notional gauge length rule.
Assuming that failure of the individual fibres in the array follows 
Weibull behaviour, then LLS will lead to the form of the strength CDF 
steadily deviating from this ideal distribution as the inter-fibre 
spacing is reduced. This deviation will manifest itself primarily as a 
reduction in the maximum measured failure strain for a given fibre 
spacing, load-sharing having most effect at the upper end of the 
distribution when large numbers of fractures have already occurred.
In an ideal system where load-sharing was understood, it should be 
possible to take a complete set of failure data, and, knowing the number 
of failed neighbours around each new fracture, apply an LLS rule to 
produce new CDF’s which would all be identical, irrespective of fibre 
spacing. This, of course, requires a very accurate understanding of the 
operative load-sharing system.
In this particular composite material, the situation is complicated 
further by;
1) the variation in initial failure strain with fibre spacing, an effect 
which may influence fracture behaviour at high strains but which is 
difficult to quantify, and,
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2) the formation of matrix cracks which will cause high stress-levels in 
adjacent filaments. Although these cracks will give local 
overloading the resultant fracture is difficult to describe using 
conventional LLS rules since these are based purely on the number of 
adjacent fractured filaments with the matrix being fully elastic and 
suffering no damage or change in mechanical properties.
Figure 5.5 shows a plot of measured failure strain vs Pr for all the 
failures observed in all coupons tested. It can be seen that there are 
clearly differences between the various distributions but that these are 
not as obvious as might be expected. The much greater strength 
variation in the 2, 4 and 6 diameter separation arrays is probably due 
to a reduction in filament surface constraint in these systems.
Assuming that matrix behaviour is similar in both the 4 and 6 diameter 
arrays the co-incidence of the upper ends of these data sets suggests 
that either load-sharing is very similar in these two systems, or, that 
it does not occur at all. Since there is a significant difference 
between the two distributions at lower strains it is likely that the 
latter is more possible. The 2 diameter distribution cuts-off at £0.15% 
below these two data sets but this is, in part, due to failure of 
adjacent filaments caused by matrix cracking, the crack growing until 
ultimately it is of such a size it can propagate catastrophically. In 
the classical statistical models of bundle failure, however, such as 
those of Harlow and Phoenix and of Batdorf, it is assumed that this type 
of critical flaw size is generated with no matrix damage. Clearly this 
is inapplicable to this model composite.
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By taking the data in figure 5.5 and applying a statistical maximum 
likelihood analysis to each data set in turn it is possible to estimate 
a value for the relevant stress-concentration factor (F) [128]. This is 
done by determining the probability of failure associated with each 
fibre fracture as a function of; the length of filament which fails, the 
Weibull parameters for the single embedded filaments and the number and 
position of any failed neighbours. As the applied strain is increased 
and more fibre failures occur, the surviving length of the filament 
reduces, the number of failed neighbours changes and hence the Pr 
associated with the failure varies. Comparison of these Pr values with 
those estimated from the single embedded filament parameters allows 
estimation of an approximate value of F, the load sharing factor.
Making this estimation for these data sets (2,4,6,8,10) using the 
[l+(*fi/F)] load sharing rule [106] gives respective values for F of 10, 
25, 100, >200 and >200. These figures are very approximate since the 
confidence intervals are wide, however, small variations in F are only 
significant at low values. For both the 8 and 10 diameter data sets the 
lower and upper confidence limits are ~75 and 2000 whilst the 2 diameter 
data set shows the narrowest confidence range with lower and upper 
limits of ~8 and 17.
Applying these values to the data presented in figure 5.5 and replotting 
gives figure 5.6, (computer program appendix 5-7). This plot 
demonstrates very good agreement between the initial parts of the 2, 4 
and 6 diameter distributions but separation again occurs at higher 
strain levels. This indicates that load-sharing is being overestimated 
at these levels when large numbers of failures are occurring and 
suggests that a less severe load-sharing rule such as only transferring
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load from failed fibres to the two immediately adjacent neighbours 
should be used. Using this rule would cause little change to the 
initial part of the distribution but, when large numbers of adjacent 
failures are forming at high strains, will have the effect of reducing 
the 'corrected' fracture strains in figure 5.6.
This SCF calculation makes a number of assumptions; firstly the Weibull 
parameters for each fibre in the array are the same as for the embedded 
single filament. If the initial fracture behaviour of fibres in the 
array is influenced by the array spacing this may not be the case. It 
is also assumed that the same load-sharing rule operates at all strains, 
again, if the matrix/interface properties are varying with applied 
strain, this may not be the case. Load-sharing may decrease at high 
strains particularly if a tensile radial stress is being generated 
across the interface leading to fibre debonding. This agrees with 
observations made here, load-sharing appearing to become more severe at 
high strains. Further, at high applied strains, new matrix cracks 
propagate further into the resin, causing immediate failure of the 
adjacent fibres, a conventional LLS rule thus may not apply at these 
levels.
The number of unknown factors in this system makes quantification of 
stress re-distribution behaviour difficult, but general observations 
suggest that the maximum radial distance around a failure over which 
stresses are being re-distributed into the matrix is about 6 fibre 
diameters. In this particular system the effects of matrix cracking 
make assessment of conventional SCF's difficult, particularly at high
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applied strains. Two general comments can be made however:
1) At relatively low strains conventional SCF’s appear to be applicable, 
at high applied strains bi-axial stress effects in the matrix and 
matrix cracking around fibre fractures make their use inapplicable.
2) Due to the extremely long ’damage lengths’ associated with each fibre 
failure, the conventional assumption of the stress distribution in an 
intact filament adjacent to a failed one, {figure 2.8), may not be 
realistic. Since matrix cracks form predominantly at the fibre 
fracture plane and at the ends of the damaged region a distribution 
similar to figure 5.7 may be more applicable.
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In summary, the results of these three series of experiments demonstrate 
a number of points:
The use of a large diameter ’two-phase’ CVD fibre allowed the production 
of model 'array' coupons with the inter-fibre spacing accurately defined 
and easily reproduced from coupon to coupon. Although the filament has 
a complex fracture behaviour, it can be quantified approximately for the 
unsupported or fully embedded single fibre, but presents major problems 
in understanding the precise behaviour of the filament when coated with 
a thin resin layer. It is apparent that embedding a fibre in a large 
volume of resin, (in this case of the order of 0.5mm thick all around 
the fibre in the 10 diameter separation arrays), increases it's mean 
strength and reduces the strength variation compared to the unsupported 
filament. This gives almost 'ideal' single-mode failure behaviour, 
usefully removing most of the low strength fractures. That this effect 
is due at least in part, to the high thermal contraction of the resin 
was revealed by tests on single filaments embedded in unflexibilised 
epoxy 828, which, although having a lower thermal expansion coefficient 
than the flexibilised material, softens at a much higher temperature 
(table 5.1) and overall gives -1.3x the axial contraction. Fibres 
embedded in 100% 828 showed similar Weibull exponent (W) values to those 
in the flexibilised resin but with e0 values of -1.4% compared to -1.0%. 
(The first fracture of the fibre in the 828 coupons gave failure of the 
whole specimen, of course).
When coated in a 'thin' resin layer and/or positioned close to other 
fibres, modelling of the fracture behaviour becomes difficult since the
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multi-modal failure behaviour is gradually modified in a manner which 
appears difficult to define quantitatively. Essentially, a resin layer 
appears to constrain the fibre surface, increasing resin thickness 
progressively reducing the incidence of surface flaw initiated fracture. 
The presence of adjacent fibres, however, limits this effect to such an 
extent that arrays of filaments spaced only 2-4 diameters apart gave 
strength distributions similar to the unsupported fibres. The upper 
tail of these array CDF's was limited by load-sharing between fibres and 
by matrix cracks, (initially associated with individual fibre failures), 
propagating across the coupon.
Matrix cracking effects demonstrated the main disadvantage of using a 
large diameter filament. A single fibre failure at a high applied 
strain could result in the creation of a disc crack which extended upto 
2 diameters into the surrounding resin.
Ignoring this effect, however, the similarity between the initial 
sections of the strength distributions from the closely spaced arrays 
and the unsupported fibre results, (particularly at short gauge 
lengths), gives support to the use of bundle strength models such as 
Harlow and Phoenix’s which are based primarily on the assumption that 
the strength of the fibre in the array is identical with the strength of 
the unsupported single filament. With a smaller diameter fibre matrix 
cracking would be reduced and LLS rules could be extended to higher 
proportions of the composite ultimate failure strain, particularly if a 
fully elastic matrix were used.
The increase in mean failure strength for fibres placed discretely in 
large volumes of resin, (fibre-fibre separations of >750|im), compared to
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the closely spaced arrays represents a means of utilising this increased 
fibre strength in a composite. Unfortunately the separation involved is 
equivalent to a fibre volume fraction of <1.5%, insignificant for most 
purposes of stiffening or strengthening a matrix. Similarly, in these 
quantities the fibres will give no significant increase in toughness and 
they may actually be detrimental if cracks are introduced by individual 
fibre fractures. The use of this type of fibre in load-bearing 
structural composites would thus appear to be limited to the relatively 
high toughness metal-matrix systems for which it is primarily produced. 
Although being fairly simple to lay-up into a model array, the 
complexity of the results which have emerged in this work suggests that 
it may be more rewarding to concentrate a future project on improving 
fabrication, testing and observation methods to allow the use of a 
smaller diameter fibre such as carbon.
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TABLE 5.1 
MATERIAL PROPERTIES
Tungsten SiC 828 + 
35% DY040
COOOtH
Shear Modulus (GPa) 15 100 0.774 0.766
Tensile Modulus (GPa) 406 470 2.14 3.6
Poisson's ratio 0.28 0.14 0.38 0.38
Thermal expansion 
coefficient (xlO-e,)
4.5 4.7 98 (30°C) 64
Softening temperature 100% 828 ~106°C 
Softening temperature 828 / 35% DY040 ~48°C
Tungsten and SiC data taken from [1] and [123]
Resin data from work in Composites group, University of Surrey, 
DA Clarke, MC Hill, 1985-1987
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TABLE 5.2
DEPTH OF FIBRE SURFACE COMPRESSED BY 0.36% STRAIN BY A RESIN LAYER
Resin layer T tconstrained Iconstrained
thickness 828+35% DY040 100% 828
(pm) (Mm) (Mm)
40 0.6 1.4
50 0.8 1.8
100 2.2 5.0
200 6.7 17.0
300 14.6 > fibre radius
400 29.2 ---
448 = fibre radius ---
TABLE 5.3
DEPTH ON TWO ADJACENT FIBRE SURFACES COMPRESSED TO 0.36% STRAIN BY
THE RESIN LAYER BETWEEN THEM
Resin layer 
thickness 828+35% DY040
(pm) (pm)
100 1.1
300 6.7
500 19.3
654 50.6
700 > fibre radius
900 > fibre radius
•r'S
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Figure 5.1 Unsupported single fibre mean failure strains 
plotted on ln(L) vs ln(n) axes. Solid line 
(CD) represents weak-link scaling line between 
100mm and 50mm results. Dotted line (AB) 
represents estimated mean failure strain for 
100mm gauge results if core failures are 
substituted with surface initiated failures. 
Dotted line (EF) represents estimated bi-modal 
Weibull distribution calculated using 
parameters from core/surface 10mm gauge 
results.
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Figure 5.2 a) Schematic of a surface crack growing into a 
body subjected to an applied tensile stress, 
and
b) the same situation but with the surface 
coated with a second phase. To open the crack 
to the same extent as in (a), additional work 
must be performed in deforming the surface 
layer around the crack tip, (area within 
dotted line).
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Figure 5.3 Fibre separation vs applied strain at which 
first failure occurred in each 200mm gauge 
array coupon. Also shown are the strain 
regions over which the unsupported, coated and 
embedded single filaments failed.
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Figure 5.4 Initial failure strain data from, a) fibres 5 
and 6 (central pair) and b) fibres 1 and 10 
(outer pair) in all 200mm gauge arrays plotted 
against probability of failure. Solid lines 
represent estimated single-mode Weibull 
distributions.
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Figure 5.5 Measured failure strain plotted against 
probability of failure for all failures 
observed in array coupons with no allowance 
made for local load sharing effects.
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Figure 5.6 Estimated fibre failure strains, (after
application of stress-concentration factors), 
plotted against probability of failure for all 
array failures. The SCF = [1 + (/i/F)] rule is 
used, where i is the number of failed 
neighbours. For the 2,4,6,8,10 fibre diameter 
separation data the following respective 
values of F were used: 10,25,100,250,500
Figure 5.7 Schematic of the possible form of tensile 
stress distributions carried by; a) SiC 
filament containing a single primary fracture 
and a number of secondary shock-wave fractures 
together with associated matrix cracks, and, 
b) adjacent intact filament which may carry 
part of redistributed load from (a)
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6 Conclusions
6-1 It has been shown that the CVD SiC fibre has a very uniform diameter 
(2100pm). but the elastic modulus, (although approximately constant}, 
is lower than expected from literature values. This is attributed 
to the presence of significant residual porosity and/or 
micro-cracking within the filament, possibly at the intersection of 
the growth 'nodule* boundaries.
6.2 The filament has been shown to have a residual surface tensile 
stress in its 'as-manufactured* state. This will have the effect of 
accentuating the stress-concentration around any surface flaws.
6.3 The strength of the unsupported single fibre can be approximated by 
the conventional single-mode Weibull distribution over the gauge S 
length range 50-100mra. Weak-link scaling is obeyed over this range. 
At 10mm gauge length a pronounced multi-modal distribution is 
observed mechanism, low strength failures initiating at defects on 
the filament surface and high strength fractures at the tungsten 
filament substrate. This has been quantitatively described using a 
bi-modal two-parameter Weibull distribution. The tungsten core 
fails in a very low variation band at 21-1.1% strain and imposes an 
artificial threshold to the cumulative distribution function for 
fibre failure. Weak-link scaling from longer gauge lengths suggests 
the 10mm gauge cumulative distribution function should extend to 
higher strains.
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At 500mm gauge length a single mode Weibull function adequately 
describes the data but does not weak-link scale to the 100 or 50mm 
data which predicts the characteristic failure strain of this length 
of filament to be significantly lower. This is believed to be due 
to the occurrence of the most severe type of flaw at regular 
intervals of less than 500mm. The minimum tensile strength of this 
fibre thus appears to be ~0.6GPa !.
6.4 Coating single fibres with 'thin' resin layers, (<50pm), 
progressively reduces the number of surface flaw initiated 
fractures. This increases the observed mean failure strain, whilst 
keeping the upper limit, (determined by failure of the tungsten 
core), constant at ~1.1%. The coefficient of variation of fibre 
strength is thus reduced. This change is believed to be primarily 
due to the resin constraining the filament surface and reducing the 
effect of the surface tensile stress discussed in 6.2 above.
6.5 Embedding a single filament in a 'thick* (4mm) resin coupon results 
in a magnitude of constraint such that only core initiated failures 
are observed.
6.6 Fractures in embedded coupons led to two types of matrix cracking.
In (poly)methylmethacrylate (PMMA) matrix samples the degree of 
constraint was less than in the epoxy matrix system and fractures at 
low strain gave a single disc crack perpendicular to the fibre and 
extending 1-2 diameters into the resin in the plane of the fibre 
fracture.
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At high failure strains in the PMMA matrix samples and in all epoxy 
matrix samples, extended matrix cracking occurred along the 
interface over distances as great as 200 fibre diameters (20mm) 
either side of the fracture plane. This damage consisted of small 
disc cracks ~5|im deep in the resin and spaced 2-3 fibre diameters 
apart. These were shown to be associated with secondary fibre 
fractures caused by the shock-wave initiated at filament fracture. 
This damage mode can lead to very large lengths of fibre being 
unloaded as a result of a single fracture. These 'damage lengths' 
are related to the amount of strain energy released at failure and 
generally increase with increasing sample gauge length.
6-7 when tested as linear arrays of fibres these 'damage lengths' were 
found to vary with inter-fibre spacing. Large spacings give longer 
damage lengths which tend towards those seen in the single embedded 
filaments.
This change in behaviour with fibre spacing is associated with 
generally lower failure strains in the more closely spaced arrays 
and this is believed to be due to a reduction in matrix-constraint 
on the adjacent faces of the filaments. The resin 'neck' in this 
area is relatively thin compared to that surrounding the rest of the 
fibre and may cause a change in the fracture behaviour at these 
points, leading to the filament strength distribution being more 
comparable to that of the unsupported fibre than the single embedded 
filament.
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6.8 From observations of photo-elastic behaviour in the resin, stress 
re-distribution has been observed to occur.over a maximum distance 
of ~6 diameters into the resin perpendicular to a failed fibre. The 
axial length of fibre affected is strongly dependant on the amount
of secondary fibre/matrix damage caused by a failure.
6.9 A local-load-sharing rule based on distribution of load to a fibre 
from all failed neighbours and has been applied to the array data.
In the closely spaced arrays this appears to give good results at 
relatively low strains when the material is behaving largely 
elastically. The upper parts of the distribution cannot be 
accurately handled by the model and this is believed to be due to 
the effects of matrix cracking and/or the re-distribution of load 
from all failed fibres to an adjacent survivor being too severe a 
model. At high strains when matrix cracks become common, the 
redistribution of load from only one or two pairs of failed nearest
neighbours may be more applicable.
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7 Future Work
7.1 To determine more precisely the fracture modes of embedded fibres, 
particularly in small arrays. This would involve 
thermal/chemical/mechanical removal of resin from around fibres to 
allow examination of the initial fracture surfaces. Identification 
of the primary failure surface in an embedded filament is 
complicated by the secondary fractures which occur at only 2-3 
diameter intervals.
Such an investigation would yield useful information for 
investigating further the variation in fibre strength distribution 
with array spacing.
7.2 The examination of three-dimensional fibre arrays to investigate 
load-sharing in a more realistic ’composite’. This would involve 
construction of a sophisticated observation system allowing 
inspection of the sample from at least two angles whilst under load. 
One possible means of this would be to use a series of mirrors, to 
produce a single composite image of the sample viewed from a number 
of directions. This should then allow observation and recording of 
any failure in an array as it occurs. Using halogen bulb light 
sources should give sufficient intensity to be able to use a video 
camera to record the test rather than a conventional 35mm system. 
Trials were made in this work with an ordinary video system and also 
a digital computer image-logging system but unfortunately resolution 
was too poor on the ordinary video and intensity too low on the 
digital system. Improved equipment, now commercially available,
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means the necessary resolution on a video ’freeze-frame’ should now 
be possible, allowing the required measurements to be made from the 
single-frame still video image.
Examination of such composite systems should also provide 
information about the effect of secondary shock-wave fracturing of 
filaments as fibre volume fraction is varied. This 3-dimensional 
structure would give a fibre arrangement similar to ’real’ 
composites where shock-wave fractures are not normally observed.
7.3 Although all efforts possible were made in this work to ensure 
reproducibility from moulding-to-moulding during the fabrication 
route, it would be useful from a statistical viewpoint to make a 
further series of mouldings, with each panel containing samples of 
all five array-spacings. This would allow more accurate comparison 
of the various data-sets.
7-4 In view of the complexities of fracture behaviour observed in this 
fibre it would be interesting to attempt a similar investigation 
using a low-diameter fibre such as carbon, to determine its fracture 
and load-sharing behaviour. This would almost certainly require the 
development of a new ’small-scale’ fabrication and testing route, 
but should yield valuable information.
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Figure Captions
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Figure 1.1
Figure 2.1
Figure 2.2 
Figure 2.3
Figure 2.4 
Figure 2.5 
Figure 2.6
Figure.2.7
Sections 1 and 2. Pages 65-70.
Plot of specific stiffness vs specific strength for a 
number of common materials, both metallic and 
non-metallic.
Schematics of the fundamental units of a fibre bundle. 
Individual links are assumed to have a length equal to 
twice the ineffective length for the system (section 
2,5.3).
Weibull probability density functions for values of W 
between 1 and 10 and XQ = 2.5. Mean of distribution tends 
towards XQ as W increases.
Weibull cumulative distribution functions (CDFs) for 
curves shown in figure 2.2. Note: reduction in 
variability as W increases and all curves pass through X0 
at the same value of P*. Curves represent the integrals 
of 2.2.
Weibull In(observation) vs lnln[l/(l-Pr)] plot of curves 
from figures 2.2. and 2.3. Gradient of line gives W and 
intercept at lnln[l/(l-Pr)] =0  gives Xo.
Weibull In(length) vs In(mean observation) plot. Gradient 
of line gives (-1/W) and intercept on ln(mean observation) 
axis gives ln(X0) for the corresponding length.
Schematic of interfacial shear stress and fibre tensile 
stress distributions calculated using Cox’s analysis for a 
single fibre in a matrix under an applied tensile load 
C58).
Schematic of model system used by a number of authors for 
photo-elasticity investigations of stresses around a 
single fibre fracture in an impregnated bundle of fibres 
[66].
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Figure 2.8
Figure 2.9 
Figure 2.10 
Figure 2.11
Experimental,
Figure 3.1
Figure 3.2 
Figure 3.3 
Figure 3.4
Figure 3.5
Schematic of the form of tensile stress distributions 
carried by a filament containing a single fracture and by 
the adjacent intact filament which may carry part of the 
load from the failed filament.
Schematic of various resin cracking modes around a single 
fibre fracture depending on the relative fibre strength, 
interfacial shear strength and matrix toughness [693.
Bundle CDF’s calculated by Harlow and Phoenix [90] using a 
statistical model based on the fibre strength and a local 
load-sharing rule. Plots for W = 5 and 10.
Schematic of In(stress) vs number of i-plets plot based on 
the model of Batdorf [1013.
Section 3. Pages 105-111.
Scanning electron micrograph of lOOpm diameter Sic 
filament produced by chemical vapour deposition of SiC on 
a 12um diameter tungsten substrate filament. Surface shows 
’nodular’ structure due to radial SiC growth mechanism.
Schematic of system for measuring fibre diameters by laser 
diffraction.
Schematic of system for measuring extension of a fibre 
under load using laser diffraction pattern.
Schematic of system for measuring grip separation when 
carrying out single filament tests. LVDT’s are 
electrically balanced to give mean displacement from the 
two sides of the apparatus.
Schematic of mechanisms within the grip system of a single 
fibre test which may cause stress-concentrations in the 
filament.
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Figure 3
Figure
Figure
Figure
Figure
Figure
Figure
Figure
.6 Schematic of Aluminium end-tag system for single filament 
samples.
.7 Schematic of system for coating a continuous loop of
filament with a thin resin layer. Loop is ~5m long and 
5|jm of resin are deposited in each pass through the resin 
bath/furnace.
.8 Schematics of fabrication system for embedded fibre 
coupons and also for embedded arrays of fibres.
.9 (a) 10mm gauge single filament samples bonded to window
cards, (b) 25mm gauge microtensile sample for in-situ 
observation of matrix damage, (d) 200mm gauge embedded 
single filament coupon and (c-e) 200mm gauge 2, 4, and 6 
diameter separation array coupons.
.10 Schematic of system for in-situ observation of filament 
fractures in embedded fibre and embedded fibre array 
coupons.
.11 Photograph showing image used for recording details of 
filament fracture strain and position in embedded fibre 
and embedded array coupons. Fracture is in 6th fibre from 
left at £113mm and 0.8977% strain.
.12 Schematic of arrangement for positioning of fibres in 
embedded array coupons.
.13 Schematic of apparatus used for aligning single filament 
along the axis of a silicone rubber mould designed to 
produce a 25mm gauge waisted sample for microtensile 
testing. Finished sample shown in figure 3.9.
Figure 3.14 Micro-straining stage used for in-situ observation of
fibre fractures and matrix damage in 25mm gauge samples, 
(figures 3.9 and 3.13).
Results, Section 4. Pages 148-175
Figure 4.-1 
Figure 4.2
Figure 4.3 
Figure 4.4 
Figure 4.5 
Figure 4.6
Figure 4.7
Figure 4.8 
Figure 4.9
Histogram of fibre diameters from 241 samples.
Typical load/extension trace from single fibre sample. 
Initial deviation is due to friction in the grip alignment 
system.
Histograms of fibre tensile elastic moduli, presented 
separately for four gauge lengths, {total of 241 samples).
Histogram of fibre tensile elastic moduli, presented as 
one plot of all 241 results from four gauge lengths.
Histogram of tungsten-core tensile elastic moduli from 
tests on 39 samples at one gauge length (50mm).
Failure strain data for unsupported single fibres tested 
at four gauge lengths (500, 100, 50 and 10mm), plotted vs 
probability of failure. Solid line represents the yield 
strain results of tests on the 12pm tungsten-core 
filament.
Failure strain data for unsupported single fibres tested 
at four gauge lengths and plotted on Weibull ln(eT) Vs 
lnlnd/d-Pr) ] axes. Additional line represents the yield 
strain results of tests on the 12pm tungsten-core 
filament.
Failure strain data for unsupported single fibres, tested 
at four gauge lengths and plotted separately on Weibull 
ln(eT) vs lnln[l/{1-Pr)] axes.
Mean failure strains from unsupported single fibre tests 
(four gauge lengths) plotted on Weibull In(length) vs 
ln(mean failure strain) axes. Dotted lines represent one 
standard deviation above and below the mean failure 
strain.
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Figure 4.10 Failure strain data from (a) 500mm and 10mm gauge tests
and (b) 100mm and 50mm tests, plotted against probability 
of failure. Solid lines represent estimated distributions 
from weak-link scaling between the lengths shown.
Figure 4.11 Scanning electron micrographs of (a) surface defect
initiated failure in unsupported SiC fibre and (b) failure 
initiating at the tungsten filament core.
Figure 4.12 Failure strain data from 10mm gauge tests plotted on 
Weibull ln/lnln axes and showing which failures are 
attributable to which of the two different fracture modes 
(multi-modal data).
Figure 4.13 Multi-modal failure strain data from 10mm gauge tests
plotted (a) vs probability of failure and (b) on Weibull
ln/lnln axes. Dotted line represents the estimated
single-mode Weibull distribution and solid line the 
estimated multi-modal distribution.
Figure 4.14 Failure strain data from 100mm gauge unsupported fibre
tests and 100mm gauge, 5pm epoxy resin coated fibre tests 
plotted vs probability of failure.
Figure 4.15 Failure strain data from 50mm gauge unsupported fibre 
tests and 50mm gauge, 5pm, 30pm and 40pm epoxy resin 
coated fibre tests plotted vs probability of failure.
Figure 4.16 Failure strain data from 50mm gauge, 40pm epoxv resin 
coated fibre tests plotted vs probability of failure. 
Dotted line represents the estimated single-mode Weibull 
distribution and solid line the estimated multi-mode 
Weibull distribution assuming the failure modes shown.
Figure 4.17 Failure strain data from 100mm gauge, 5pm, 50mm gauge, 
5pm, 30pm, 40pm and 20mm gauge, 5pm epoxy resin coated 
fibre tests plotted vs probability of failure.
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Figure 4.18 Concept of ’notional gauge lengths' for coupons where a 
fibre may fail several times at varying strains, thus 
allowing analysis of a single gauge length sample as a 
number of shorter length segments.
Figure 4.19 Failure strain data for single fibres embedded in PMMA 
resin, tested at 100mm gauge lengths (and with 50mm and 
20mm notional gauge data) plotted (a) vs probability of 
failure and (b) on Weibull ln(er) vs lnln[l/(l-P*)3 axes 
Solid lines represent estimated single-mode Weibull 
distributions.
Figure 4.20 Mean failure strains from PMMA matrix embedded single
fibre tests (100mm and two notional gauge lengths) plotted 
on Weibull ln(length) vs ln(mean failure strain) axes.
Figure 4.21 Sequence of three failures at increasing strains in a
100mm gauge PMMA embedded fibre coupon. A 'damage zone' 
approximately 10 diameters long is associated with each 
failure, (transmitted polarised light).
Figure 4.22 Type I matrix cracking in PMMA matrix micro-tensile 
coupon, (transmitted polarised light).
Figure 4.23 Type II extended matrix cracking in PMMA matrix
micro-tensile coupon, (transmitted polarised light).
Figure 4.24 Type I (upper fibre) and type II (lower fibre) matrix
cracking around two adjacent fibres spaced *8 diameters 
apart, (micro-tensile coupon,'transmitted polarised-
light).
Figure 4.25 Failure strain data for single fibres embedded in epoxy 
resin (828/35% DY040), tested at 200mm, 100mm and 50mm 
gauge lengths plotted (a) vs probability of failure and 
(b) on Weibull ln(<=r) vs lnln(l/[l-Pr]) axes. Solid lines 
represent estimated single-mode Weibull distributions.
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Figure 4.26 Mean failure strains from epoxy matrix embedded single
fibre tests (200mm, 100mm and 50mm gauge lengths) plotted 
on Weibull In(length) vs In(mean failure strain) axes.
Figure 4.27 Optical micrograph of matrix cracking around fibre
fracture in epoxy resin microtensile coupon, (transmitted 
polarised light).
Figure 4.28 Optical micrograph of polished longitudinal section of 
fibre in epoxy matrix coupon. Each individual fracture 
appears to be associated with a small radial matrix crack, 
(see figure 4.27), (reflected light).
Figure 4.29 Scanning electron micrograph of filament sections removed 
from a fractured section of embedded fibre (epoxy matrix) 
similar to figures 4.27 and 4.28.
Figure 4.30 Scanning electron micrograph of typical 'shock-wave' fibre 
fracture surface taken from one of sections in figure 
4.29.
Figure 4.31 Failure strain data for single fibres embedded in epoxy 
resin (828/35% DY040), tested at 200mm, 100mm and 50mm 
gauge lengths plotted vs 'damage length’ for single 
filaments embedded coupons ~4mm thick.
Figure 4.32 Measured failure strain data for 2 diameter separation 
embedded fibre arrays tested at 200mm gauge length (and 
with 100mm and 50mm notional gauge data) plotted (a) vs 
probability of failure and (b) on Weibull ln(er) vs 
lnln[l/(l-Pr)] axes. Solid lines represent estimated 
single-mode Weibull distributions.
Figure 4.33 Measured failure strain data for 4 diameter separation 
embedded fibre arrays tested at 200mm gauge length (and 
with 100mm and 50mm notional gauge data) plotted (a) vs 
probability of failure and (b) on Weibull ln(ef) Vs 
lnln[l/(l-Pr)] axes. Solid lines represent estimated 
single-mode Weibull distributions.
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Figure 4.34 Measured failure strain data for 6 diameter separation 
embedded fibre arrays tested at 200mm gauge length (and 
with 100mm and 50mm notional gauge data) plotted (a) vs 
probability of failure and (b) on Weibull ln(efj vs
lnln[l/(l-Pr)] axes. Solid lines represent estimated 
single-mode Weibull distributions.
Figure 4.35 Measured failure strain data for 8 diameter separation 
embedded fibre arrays tested at 200mm gauge length (and 
with 100mm and 50mm notional gauge data) plotted (a) vs 
probability of failure and (b) on Weibull ln(er) Vs 
lnln[l/(l-Pr)3 axes. Solid lines represent estimated 
single-mode Weibull distributions.
Figure 4.36 Measured failure strain data for 10 diameter separation 
embedded fibre arrays tested at 200mm gauge length (and 
with 100mm and 50mm notional gauge data) plotted (a) vs 
probability of failure and (b) on Weibull ln(er) vs 
lnln[l/(1-Pr)] axes. Solid lines represent estimated 
single-mode Weibull distributions.
Figure 4.37 Measured failure strain data for 2, 4, 6, 8 and 10
diameter separation embedded fibre arrays tested at 200mm 
gauge length (a) vs probability of failure and (b) on 
Weibull ln(er) vs lnln[l/(l-Pr)] axes. Solid lines 
represent estimated single-mode Weibull distributions.
Figure 4.38 Optical micrograph of 2 diameter separation embedded fibre 
array showing fracture of 5th fibre in the array with 
matrix cracking due to shock-wave fracturing of the 
filament. Photo-elasticity of resin shows the region over 
which stress transfer between matrix and fibre occurs. 
(Micrograph taken in-situ with coupon under load, 
transmitted polarised light).
Figure 4.39 Optical micrograph of 2 diameter separation embedded fibre 
array showing fracture of 1st fibre in the array with 
matrix cracking due to shock-wave fracturing of the 
filament. Photo-elasticity of resin shows difference in 
stress distribution in matrix on the matrix-side and 
array-side of the failed filament. (Micrograph taken 
in-situ with coupon under load, transmitted polarised 
light).
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Figure 4.40
Figure 4.41
Figure 4.42
Discussion, 
Figure 5.1
Figure 5.2
Figure 5.3
Optical micrograph of 2 diameter separation embedded fibre 
array showing two adjacent fractures in 5th fibre in the 
array with matrix cracking due to shock-wave fracturing of 
the filament. (Micrograph taken in-situ with coupon under 
load, transmitted polarised light).
Optical micrograph of 10 diameter separation embedded 
fibre array showing numerous fibre fractures with 
extensive matrix cracking due to shock-wave fracturing of 
the filament. (Micrograph taken in-situ with coupon under 
load, transmitted polarised light).
Optical micrograph of 4 diameter separation embedded fibre 
array showing large radial matrix cracks around fractures 
in 7th fibre. Note:there are no shock-wave or matrix 
cracks associated with this damage. (Micrograph taken 
in-situ with coupon under load, transmitted polarised 
light).
Section 5. Pages 205-209.
Unsupported single fibre mean failure strains plotted on 
ln(L) vs ln(e) axes. Solid line (CD) represents weak-link 
scaling line between 100mm and 50mm results. Dotted line 
(AB) represents estimated mean failure strain for lOOmm 
gauge results if core failures are substituted with 
surface initiated failures. Dotted line (EF) represents 
estimated bi-modal Weibull distribution calculated using 
parameters from core/surface 10mm gauge results.
a) Schematic of a surface crack growing into a body 
subjected to an applied tensile stress, and
b) the same situation but with the surface coated with a 
second phase. To open the crack to the same extent as in 
(a), additional work must be performed in deforming the 
surface layer around the crack tip, (area within dotted 
line).
Fibre separation vs applied strain at which first failure 
occurred in each 200mm gauge array coupon. Also shown are 
the strain regions over which the unsupported, coated and 
embedded single filaments failed.
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Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7
Initial failure strain data from, a) fibres 5 and 6 
(central pair) and b) fibres 1 and 10 (outer pair) in all 
200mm gauge arrays plotted against probability of failure. 
Solid lines represent estimated single-mode Weibull 
distributions.
Measured failure strain plotted against probability of 
failure for all failures observed in array coupons with no 
allowance made for local load sharing effects.
Estimated fibre failure strains, (after application of 
stress-concentration factors), plotted against probability 
of failure for all array failures. The SCF = [1 + Ki/F)3 
rule is used, where i is the number of failed neighbours. 
For the 2,4,6,8,10 fibre diameter separation data the 
following respective values of F were used: 
10,25,100,250,500
Schematic of the possible form of tensile stress 
distributions carried by; a) SiC filament containing a 
single primary fracture and a number of secondary 
shock-wave fractures together with associated matrix 
cracks, and, b) adjacent intact filament which may carry 
part of redistributed load from (a)
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Appendix 1
Maximum Likelihood (ML) Estimation [19]
ML Estimation of Parameters for Single-Mode Distribution
Maximum likelihood (ML) estimation of Weibull parameters centres on the 
maximisation of a likelihood expression based on the Weibull probability 
density function (equation 2.7). This expression is termed the sample 
likelihood, however the natural log of this,(the log likelihood) is 
normally used for estimation purposes. The Weibull parameters which 
maximise it are equivalent to ML estimators.
The likelihood function is given by;
n
L = x f.(Xj) 
j=l
where n is the total number of individual observations in the data-set 
and f(Xj) is the single-mode two-parameter Weibull probability density 
function;
W
(Xw 1) . exp I-
r  / x - x „  \ w "
T h r ) ..(Xo)*
The log likelihood is then;
ln(L) = ln(W) - ln(X0) + (W-l).ln(X/X0) - <X/X„)W
\
This is minimised with respect to W and X0, to give the parameter 
estimates. This must be done using an iterative process such as the
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Newton-Raphson method for which the following derivatives are required;
First derivatives,
d ln(L)/dW =0 
d ln{L)/dX0 = o 
Second derivatives,
FI = dL/dX0 = [W {1-2W)] / X0
F2 = dL/dW = [-1/W] + In[2 . (2W - 1)3
Fll = dzL/dX02 = [W - ((1+W).2W-1)] / X02
F22 = d=L/dW= = [l/W2] + [2W . ln(2)w]
F12 = d2L/dWdX02 = Cl/X0] - { [2W . (1 + Win(2))] / X0 }
The position of the joint maxima in the first derivatives can then be
solved using the second derivatives. Initial parameter estimates are
taken from a graphical Weibull analysis and the second derivatives
calculated. Convergence to the minimum value of ln(L) (equivalent to
the maximum value of (L)) is then tested for by calculating A and B, the 
sums of the second derivatives;
A = [ F1.F22 - F2.F12 3 / ( F11.F22 - F12.F12 3
B = [ F2.F11 - F1.F12 3 / [ F11.F22 - F12.F12 3
Convergence of the function to the minimum value is assumed when;
{[(F1.F22)-(F2.F12)]/FD}= + {[(F2.F11)-(F1.F12)3/FD}2 < Z 
where Z represents a value close to zero eg. 0.001. If this condition 
is not satisfied a further iteration is performed using the new 
parameter estimates;
X0= = Xoi<l_0> and W= - i _
The computer program for carrying out this estimation procedure is 
listed in appendix 5-1.
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ML Estimation of Parameters for Multi-Mode Distribution [19] [42]
For estimating the parameters of the multi-modal Weibull function a 
slightly different method was used. The competing-risk model gives the 
following likelihood function;
k
L = C i ^  
i=l
where i=l,2....k represent k defect populations. Li and C are given by;
where nA the number of samples fractured by defect type i at stresses
and fifoj4), FifOj1-) are the Weibull probability density function 
and cumulative distribution function respectively. Since it is assumed 
that failures from a single defect population follow a single-mode 
Weibull distribution the parameter estimates W* and Xo* for each defect 
spectrum can be estimated by solving the following two-parameter 
single-mode log likelihood equations;
n4
L* = {% ft(oJ <i> 
j=l
k n4
)> . [JL K (I-FiXOj1)}-] 
i=l j
k
C = n! / [ it n4 ] 
i=l
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1 1 n±
—  +  — > £  l n ( C j )
Wd nd j = l
E [ (cfj )wi ^ ln(aj ) ]
j = l
£ [ojWi]
j = l
= 0
{ ( l / n t ) +  E  [ o / 1 ] } ^ W i  =  a 0 ± 
j = l
The first of these two equations can be solved using an iterative 
technique, (such as Newton-Raphson), and the estimated value of W± 
substituted into the second to give croi. computer program for this
estimation procedure is listed in appendix 5-3.
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Appendix 2
The Cox Analysis for Calculating Interfacial Shear Stress and Fibre 
Tensile Stress [58], (Computer Program Appendix 5-8)
K
sinh 3 [(l/2)-x]
cosh 8 (1/2)
Or = Er 1 -
cosh 3 C-(1/2) —x]’
cosh (31/2)
K =
3 • Er . At [1-(E./Et)] 
2tc . rr .Em
3 = [ H / (Et .At ) ]°-j
H = [ (2jc . 'G.) / lnfr„/rr) ]
where;
Oc^c Applied stress, strain on composite,
Ti - interfacial shear stress at a distance (x) from the fibre end
°r - tensile stress in the fibre at (x),
1 - fibre length,
Et ,Eto - fibre, matrix tensile elastic moduli,
G,„ - matrix shear modulus,
Ar,Am - cross-sectional area of fibre,
rf - radius of fibre,
rm - radius of matrix (assuming circular cross-section).
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Appendix 3
Calculation of Radial and Shear Stresses Resulting from Axial Loading of 
a Coupon Containing a Single Fibre Aligned along the Loading Axis [125], 
(Computer program appendix 5-5}
Based on a cylindrical model;
Fibre (material 1), radius (a), 
Matrix (material 2),
Radius from centre of fibre (b), 
Applied strain (e),
C = <a=7b=), (= Vr),
r = radius of any point 
in 1 and 2 from fibre axis.
Assume;
arr = 0 at r = b,
orr continuous at r = a.
£ — pzz — c
err = 3 + ft in 1
= 3 - [ £ . (a=/b=) ] in 2
o^b = 3 + ft in 1
= 3 + [ ft - (a=/b=) ] in 2
e «  3 + [ 0* - $  3
err ] + [ 0* . *"]
e o o  3 + [ 0*. • 3
where;
M* = [ Ei / (1 + v4 ) ]
0i = [ (ViEj.) / (l + Vi).(l - 2v,) ]
$ = err. + eOQ + 6 „
cont.
= [ 2Mi •
orr = [ 2pi .
Oqb = [ 2mi
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Q =  -  -  
2
0. . . { ■ Mx  +  0 x  +  M s )  +  C . p 2 . ( 0 x  -  0 3 )
(Ms + 02) . (M* + 03 + Ms) + C.(Jz.{pi + 0i - Ms - 02)
(Ms-®* " Mi-0s)
(Ms + 0a). (Mi + + Ms) + C.fl2.(|Ji'+ 0i - Ms - 0a)
Notation;
€za:, err, eee are strains in axial, radial and 0 directions, 
Ot-r, Obb are stresses in axial, radial and © directions,
Mi and 0i are lame constants for 1 and 2, 
Dilatation given by
E± are elastic moduli for 1 and 2,
Vi are Poisson’s ratios for 1 and 2.
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Appendix A
Constraint of a Fibre by a Surrounding Matrix
a) The Aveston-Sillwood Model for the Minimum Failure Strain of a 
Fibre Constrained by a Matrix [127].
Aveston-Sillwood demonstrate that for a composite with fibre volume 
fraction V^ an(j fibre surface work of fracture 7^, fibre fracture can 
only occur if;
[Ec . ep.uc=3 / [# . a] > [2 . . VF]
which gives the limiting case of;
where;
= CGm /ef] . [VF*/U-Vr*)] . [l/rF]2
6Fuc - minimum failure strain of fibre in composite, 
7tF - fibre surface work of fracture,
En,Epr - matrix, fibre tensile elastic moduli,
Vw,Vfr - matrix, fibre volume fraction, 
a - [E„.Vn3/[Er.VF],
rr - fibre radius,
G« - matrix shear modulus.
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b) Compound bar model for thermal constraint of a cylindrical fibre 
by a surrounding matrix annulus [126].
V.l;.
:'t:*
T, \  \
no bond across Bonded interface 
interface
L/Er] + [am.L/Em] = [a* - ar‘] - L . [T2 - Ta]
- Aro = O-f.A-f
Combining these gives;
CTf = [(am-ar).(Tz-Ta)] / [(L/Er) +■{L.(Ar/A.)/E*>] 
and; er = [of / Er] 
where;
- stresses in fibre and matrix after contraction,
er - strain in fibre,
Er,Em - Elastic moduli of fibre and matrix,
af,am - Thermal expansion coefficients of fibre and matrix,
Tx,Tz - Postcure and ambient temperatures, (start and finish).
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Appendix 5
Fortran 77 Computer Programs
5-1 Estimation of Single-Mode Weibull Parameters for a Data-set
INTEGER OPTION,N,J,CH0IC1
REAL*8 X(1001),R,MSM,SD,WL,XOL,WM,XOM,YS,YI,WMG,WSD,WG,XOG,
1 WMLN.WSDLN,WCVLN,WMM,WSDM,WCVM,SDXM,SDWM,CORR,LNX(1001),XPART,
2 XOMU,XOML,WPART,WMU,WML,Y
CHARACTER*20 FN1,FN2,FNC,PFN1,PFN2,PFN3,PFN4,LIHFNT,LIMFNL,SUFFIX 
CHARACTER*1 CH0IC2,RERUN,LIMITS.NAMES
EXTERNAL SORTER,LNANAL,STAND,MAXLIK,GAMMA 
INTRINSIC LOG,EXP
C i i l l i l K I K I I i t l i i l t t t l X l t X I i i l l f t f t t t l l l t t l t l i X t l l l l f l l l f d l t l
C **** SORTING OR ANALYSIS OPTION CHOICE
10 WRITEC*,100)
100 FORMAT(//////,2X,'Program options are 1,//,5X,'1. Reading of one
1data column, sorting, write to file.',//,5X,'2. Reading, Sorting a 
2nd Weibull analysis by various methods.',//,5X,'3. Quit.',//).
WRITE(*,110)
110 FORMAT(5X,'Input option number : 1,2 or 3.',//)
120 READ*,OPTION
IF(OPTION.LT.1.OR.OPTION,GE.H)THEN 
WRITEC*,130)
130 F0RMAT(/,20X,'INVALID ENTRY, RE-ENTER OPTION:',//)
GOTO 120
ENDIF
C ***• IF QUIT OPTION SELECTED **»* 
IF(OPTION.EQ.3)GOTO 2500
V
c  ...
C *•** INPUT FILE READ NAME AND READING OF (N) DATA POINTS (X(J)) 
1M5 WRITEC*,150)
150 F0RMAT(///,1X,'Enter file name for data read:',//)
READ(*,'(A)') FN1
0PENC5,FILE=FN1,STATUS='OLD',ERR=155) .
GOTO 160
155 WRITE(*,158)
158 F0RMAT(/,'File does not exist... GIT.')
GOTO 1*15
160 WRITEC*,162)FN1 
162 FORMAT(///.'Reading \A20,/) 
J=1
170 READ(5,*,END=180,ERR=2800)X(J)
J=J+1 
GOTO 170
180 N=J-1
WRITEC*,190)N,FN1 
190 FORMAT (///, I1*,' Data points read from ',2X, A20,//) 
CLOSE(5)
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C **** READING FILE NAME FOR SORTED DATA STORAGE (0PTI0N=1)
IF(OPTION.EQ.1)THEN 
WRITEC*,200)
200 FORMAT(///,IX,'Enter file name for storage of sorted data',//,'
1 (default = "SORTED")',//)
READC*,'(A)') FN2 
IFCFN2.EQ.' ')FN2='SORTED'
OPEN(6,FILE=FN2)
ENDIF
q «........t..<**««.....c*.....*..*.*.***..***.**«.<«..«**«*«*.***.
C **** CALLING SORTING ROUTINE FOR ALL OPTIONS
CALL SORTER(N.X)
0 l l l t i f i i i l K t t l f t i i d l i K M t l t K l i t l l i l l t t t l t l t t l l l i l t t l f l l i l l t K i
C **** STORING SORTED DATA, JUMP TO END OF PROGRAM (0PTI0N=1)
IF(0PTI0N.EQ.1)THEN 
DO 300 J = 1,N 
WRITE(6,*)X(J)
300 CONTINUE
WRITEC*,310)FN2
310 FORMAT(//,1X,'Sorted data stored in file ',A20,//)
CLOSE(6)
GOTO 2000
ENDIF
C U i H H i l l l i l l l K l l i t H H t H i H I H H I I H K U t l H i l l l H l l l l l l t l H H
C ... (OPTION 2) WEIBULL ANALYSIS CALCULATION CHOICE 1-^ AND/OR PLOTS
WRITE(*,320)
320 FORMAT(//,' Weibull analysis, options are :',//,20X,'1.Ln/LnLn ana
1 lysis.',//,20X,'2.Maximum likelihood analysis.',//,20X,'3.Both.',/ 
2/,20X,'M.No Calculation.',///,' Enter option number :',//)
330 READ(*,’(A)')CH0IC1
IF(CH0IC1.LT.'1'.0R.CH0IC1.GT.'4')THEN
PRINT*,' INVALID ENTRY, RE-ENTER ____'
GOTO 330 
ENDIF
C **«* READING FILENAME FOR CONSTANTS DATA STORAGE
IF(CH0IC1.NE.'H')THEN
WRITE(«,335)
335 FORMAT(//,' Enter filename for storing analysis data :',//,' (defa
1 ult = "CONSTANTS")',//)
READ(*,'(A)')FNC 
IFCFNC.EQ.' ')FNC='CONSTANTS'
ENDIF
C •*** PLOTDATA CALCULATION DECISION___
338 WRITEC*,3^0)
3^0 FORMAT(/////,' Do you require generation of Graphll plot files ?'
1,/-/,5X, 'Key <Y> OR <N>',//)
READ(«,'(A)')CH0IC2
IF(CH0IC2.NE.'Y '.AND.CH0IC2.NE.'N ')G0T0 338
C ...» IF N0 CALCULATION REQUIRED AND NO PLOTS REQUIRED, QUIT. 
IF(CH0IC1.EQ.'.AND.CH0IC2.EQ.'N*)GOT02500
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C **** IF PLOT CALCULATION OPTION SELECTED, READING OF FILENAMES 
IF(CHOIC2.EQ.'Y')THEN
350 WRITEC*,400)
*100 FORMAT(/,'Do you want series of plot data filenames all with commo 
1n suffix ?',//,5X,'Key <Y> OR <N>',//)
READC*,' (A) ')NAMES
IFCNAMES.NE.'N'.AND.NAMES.NE.'Y')G0T0350
IF(NAMES.EQ.'Y*)THEN
WRITEC*,410)
410 FORMAT (/,'Input suffix :’,/•)'
READC*,'(A)')SUFFIX
PFN1='A.'//SUFFIX 
PFN2=*B.'//SUFFIX 
PFH3=’C.'//SUFFIX 
PFN4='D.'//SUFFIX 
GOTO 532 
ENDIF
WRITEC*,500)
500 FORMAT(/j-^Enter filenames for plot data storage :',/////,'1. X vs f 
1Pf data (default = "XVP'*) :',/)
READC*,'(A)')PFN1 
IFCPFN1.EQ.' ')PFN1='XVP'
WRITEC*,520)
520 FORMATC/,*2. X vs Pf estimated line (default = "LINLIN") :',/) 
READC*, '(-A)')PFN2 
IFCPFN2&5Q.' ’)PFN2='LINLIN'
'i,
WRITEC*,510)
510 FORMAT,(/,’3. Ln(X) vs LnLn[1/(1-Pf)] (default = " L NXVP") :',/)
READC*,'(A)')PFN3 
IFCPFN3.EQ.' ')PFN3='LNXVP'
WRITEC*,530)
530 FORMAT(/,'4. Ln/LnLn regression line (default = •'LNLIN") :’,/)
READC*,'(A)’)PFN4 
IFCPFN4.EQ.' ')PFN4=*LNLIN'
532 OPEN(7,FILE=PFN1)
OPEN(8,FILE=PFN3)
OPEN(9,FILE=PFN2)
OPEN(10,FILE=PFN4)
535 WRITEC*,540)
540 FORMATC///,' Do you require generation of G11 data files for 95Z c 
lonfidence',//,' limits on Ln/LnLn plot ?',//,5X,'Key <Y> OR <N>',
2//)
READC*,'(A)')LIMITS
IFCLIMITS.NE.'Y'.AND.LIMITS.NE.'N')GOTO 535 
IF(LIMITS.EQ.'N')G0T0575
IF(NAMES.EQ.'Y ')THEN
LIMFNT='E.’//SUFFIX 
LIMFNL='F.'//SUFFIX 
GOTO 572
ENDIF
WRITEC*,560)
560 FORMATC/,'5. Upper 95% confidence limit (default ="T0PLIM") 
1/)
READC*,'(A)')LIMFNT
IF(LIMFNT.EQ.' ')LIMFNT='TOPLIM'
WRITEC*,570)
570 FORMATC/,'6. Lower 95% confidence limit (default ="L0WLIM'') 
1/)
READC*,'(A)')LIMFNL 
IFCLIMFNL.EQ.' ')LIMFNL='LOWLIM'
572 OPEN(20,FILE=LIMFNT) 
OPEN(21,FILE=LIMFNL)
575 ENDIF
C **** STATISTICAL ANALYSIS ROUTINES
C **** STANDARD DEV. + MEAN CALC IF CONS REQUIRED
IF(CHOIC1 .NE.JJ) CALL STAND(N,X,MSM,SD)
C **** WEIBULL LN/LNLN ANALYSIS, NOTE: THIS ALWAYS RUNS TO GIVE
C **** CONS, PLOTDATA, OR CONS TO RUN MAXLIK ANALYSIS.
IF(CHOIC1.EQ.'1'.OR.CHOIC1.EQ.'3')THEN 
WRITEC*,580)
580 F O R M A T C / / / / / / / , 15X,'Running Ln/LnLn analysis...... ’,//)
ENDIF
CALL LNANALCN,X,R,X0L,CH0IC2,WL,YS,YI,OPTION,LNX)
C **• CALCULATION OF MEAN, SD, AND CV USING WEIBULL EQNS AND LN CONS
WG=WL
XOG=XOL
CALL GAMMA(WG,XGG,WMG,USD)
WMLN=WMG
WSDLN=WSD
WCVLN=(WSD/WMG)*100
C IIHHillHtllllllllltHUOIIHMiltmHHtHIHItlllHIUillll
C •■*** MAXLIK ANALYSIS IF REQUIRED, INITIAL Xo, W VALUES TAKEN FROM
C «••* LnLn/Ln ANALYSIS.
IF C CHOIC1.EQ.'2'.OR.CHOIC1.EQ.'3'.OR.LIMITS.EQ.'Y •)THEN
IFCCHOICI.EQ.'2'.OR.CHOIC1.EQ.'3')WRITEC*,590)
590 FORMATC/,15X,'Running likelihood analysis....... ',////)
CALL MAXLIK CXOL,WL,XOM,WM,N ,X ,SDXM,SDWM,CORR)
C *•*» CALCULATION OF TWO-SIDED UPPER C...U) AND LOWER C...L)
C ***• 95* CONFIDENCE LIMITS FOR W AND Xo
XPART=EXPC(1.960*(SDXM**0.5))/XOM)
XOMU =XOM*XPART 
XOML=XOM/XPART
WPART=EXP((1.960*(SDWM**O.5))/WM)
WMU=WM*WPART
WML=WM/WPART
CALCULATION OF MEAN, SD, AND CV USING WEIBULL EQNS AND LN CONS 
’WGrWM
x3g=xom/
CALL GAMMA(WG,XOG,WMG,WSD)
WMM=WMG
WSDM=WSD
WCVM=(WSD/WMG)* 100
ENDIF
C **»* CALCULATION OF 95* LINES FOR LnLnLn PLOT IF LIMITS REQUIRED 
IF(LIMITS.EQ.'Y')THEN
Y=(LHX(1)*WML)-(WML*LOG(XOML))
WRITE(20,*)LNX(1),Y 
WRITE(20,*)LOG(XOML),0
Y=(LNX(N)* WMU)-(WMU * LOG(XOML))
WRITE(20,*)LNX(N),Y
Y=(LNX(1)«WMU)-(WMU*L0G(XOMU))
WRITE(21,*)LNX(1),Y 
WRITE(21,*)LOG(XOMU),0
Y=(LNX(N)*WML)-(WML*LOG(XOMU))
WRITE(21,*)LHX(N),Y
CLOSE(20)
CLOSE(21)
ENDIF
C STORING CONSTANTS OH DATA FILE (FNC) 
c  ...
IF(CHOIC1.NE.'41)THEN
OPEN(11,FILE=FNC)
WRITE(11 ,800)FN1 ,N,MSM,SD, (SD/MSM)*100
IF(CH0IC1.EQ.'1•.0R.CH0IC1.EQ.'3')THEN 
WRITE(11 ,850)WL,XOL,R,WMLN,WSDLN,WCVLN 
ENDIF
IF(CH0IC1.EQ.'2'.0R.CH0IC1.EQ.'3')THEN
WRITE(11,890)WM,SDWM,WMU,WML,XOM,SDXM,XOMU,XOML,CORR,WMM,WSDM,
1 WCVM 
ENDIF
800 FORMAT(/,’ Analysis of data from file',5X,1:’,A20,//,• Number of
1 observations',9X,1:',Ii»,//,' Mean of measured values', 8 X , F 8 . 4 
2,/,' Standard deviation on mean',5X,':',F8.H,/,' Coefficient of va 
3riation',7X,':'.F8.1!,' *’,/)
850 FORMAT(/,' From Ln/LnLn analysis Weibull exponent',15X,
1':',F8.4,/,' Characteristic value',11X,':',F8.H,/,' Correlation co 
2efficient',8X,':',F8.U,//,' Weibull mean’,19X,':',F8.H,/,• Weibull 
3 SD',21X,':',F8.i*,/,' Cv',29X,’:',F8.i»,' *',/)
890 FORMAT(/,' From maximum likelihood analysis Weibull exp
1onent',15X,':',F8.H,7X,’std. dev. :',F8.H,//,' 95* confidence liml 
2ts, Upper :',F8.^,/,26X,'Lower :’,F8.!l,//,' Characteristic value 
3 ', 10X,':',F8.H,7X,'std. dev. :•,F8.H,//,• 95* confidence limits,
U Upper :',F8.M,/,26X,'Lower :',F8.H,//' Estimated correlation’,10 
5X,’:',F8.U,//,' Weibull mean*,19X,•s•.F8.U,/,• Weibull SD',21X,’:’ 
6.F8.4,/,' Cv',29X,’s',F8.M,' *’,//)
CLOSE(11)
WRITE(*,895)FNC 
895 F0RMAT(/////,'Analysis results stored in ',A20,/)
ENDIF
IF(CH0IC2.EQ.'Y •)WRIT£(*,900)PFN1,PFN2,PFN3,PFN4
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900 FORMATC/,'X vs Pf data in 1,A20,/,‘Estimated line for linear axe 
1s in *fA20,//,'Ln/LnLn data in ',A20,/,'Ln/LnLn regression line in 
2 ',A20,/)
IF(LIMITS. EQ.' Y ' )WRITE(•*,950)LIMFNT,LIMFNL
950 F0RMAT('95% confidence limit lines for Ln/LnLn plot,',/,'Upper lim 
lit line in ' ,A20f/,'Lower limit line in ’,A20,/)
2000 WRITEC*,2010)
2010 FORMATC/,'Do you want to re-run program for a further analysis ?' 
1 ,/)
READC*,J CA)’)RERUN
IFCRERUN.NE.'Y'.AiJD.RERUN.NE.'N')G0T0 2000 
IFCRERUN.EQ.'Y')GOT010
G0T03000
2500 WRITEC*,2510)
2510 FORMATC///,' You quit too easily sucker, get your act together') 
G0T03000
2800 WRITEC*,2810)
2810 FORMATC///,15X,'ERROR IN READING DATA FILE...',//,25X,
1'PROGRAM DROPPED ......................... GIT !',///)
CLOSEC5)
3000 STOP 
END
c
SUBROUTINE SORTER (N,X)
INTEGER N,J
REAL*8 XC1001),T
WRITEC*,500) '
500 FORMATC//,' Sorting data....... .....',/)
510 J=0
520 J=J+1
IFCJ.E0.N)G0T0530
IFCXCJ).LE.XCJ+1))GOTO520
T=XCJ) »
XCJ)=X(J+1)
XCJ+1 )=t
GOTO 510
530 RETURN
END
C
SUBROUTINE STAND(N,X,MSM,SD) 
INTEGER J,N
REAL*8 X ,MSM,SD,SMXS,SM,MSMS 
DIMENSION XC1001)
SMXS=0
SM=0
DO 20 J=1,N 
SMXS=SMXS+(XCJ)**2)
SM=SM+XCJ)
20 CONTINUE
MSM=SM/N
MSMS=CMSM**2)
SD=(CSMXS-CN*MSMS))/(N-1))**0.5
RETURN
END
C
SUBROUTINE LNANAL(N,X,R,X0L,CH0IC2,WL,YS,YI,OPTION,LNX) 
INTEGER J,N,CAD,OPTION
REAL*8 LNX,LPF,WL,INTE,RRF,R,XOL,SUMLNX.SUMLPF,X ,PF,Y ,XX,
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1 SMLNX2,SMLPF2,SUMSP,XM,WP,RR,DN,PFP,PFPP,PFY,INCR,YS,YI,SM2LPF 
CHARACTER*1 CH0IC2
DIMENSION LNX(1001),LPF(1001),X(1001),PF(1001)
INTRINSIC EXP,FLOAT,LOG,ABS
C **** CALCULATION OF (N) PF VALUES FOR LN/LNLN ANALYSIS
DO 600 J=1,N
IF CN.LT.20)THEN 
PF(J)=(J-0.375)/(N+0.25)
ELSEIF (N.GE.20) THEN
PFCJ)=CJ-0.5)/N
ENDIF
LPF C J ) =LOG CLOG C1.0/C1 ^ O-EELGliDJ- 
LNXCJ)=LOGCXCJ))
C **** IF PLOTDATA REQUIRED, WRITING OF X/PF LNX/LNPF TO FILES
IFCCH0IC2.EQ.'Y,l)THEN 
WRITEC7,*)XCJ),PFCJ)
WRITEC8,*)LHX(J),LPFCJ)
ENDIF
600 CONTINUE
C •*•* CALCULATION OF SUMS ETC. FOR STATISTICAL ANALYSIS 
J=0
SUMLNXsO
SUMLPF=0
SMLNX2=0
SMLPF2=0
SM2LPF=0
SUMSP=0
DO 20 J=1,N
SUMLNX=SUMLNX+LNX(J)
SUMLPF=SUMLPF+LPF(J )‘
SMLNX2=SMLNX2+CLNX(J)**2) 
SMLPF2=SMLPF2+CLPFCJ)**2)
SUMSP=SUMSP+ CLNX C J)*LPF(J))
20 CONTINUE
XM=SUMLNX/N
SM2LPF=CSUMLPF**2)
C •**» REGRESSION ANALYSIS TO CALC WCWOL) XOCXOL)
WP=SUMSP-CXM*SUMLPF)
WL=WP/CSMLNX2-CXM*SUMLNX))
INTE=(SUMLPF-CWL*SUMLNX))•(1/(FLOAT(N)))
RR=(INTE*SUMLPF)+(WL*SUMSP)-((1/(FL0AT(N)))*SM2LPF)
RRF=RR/(SMLPF2-((1/(FL0AT(N)))*SM2LPF))' 
R=RRF**0.5
XOL=EXP(CO.OOO-INTE)/WL)
C
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C **** CALC AND WRITING OF LEAST SQUARES LINE FOR LN/LNLN PLOT
C *»** (LNLIN) IF PLOTDATA OPTION HAS BEEN CHOSEN
IF(CH0IC2.EQ.1Y ')THEN 
DO 50 J=1,N,N-1 
Y =(LNX(J)*WL)+INT£
WRITEC10,*)LNX(J),Y 
50 CONTINUE
C **** CALC. OF WEIBULL LINE FOR PF VS. STRESS PLOT (LINLIN)
INCR=(X(N)-X(1))/50 •
XX=X(1)-INCR
CAD=0
DN=0
C **** EQNS CALC PF FOR VALUES OF X. TO ENSURE CURVE STARTS CLOSE
C *«•* TO PF=0 INCREASING MULTIPLES OF INCR ARE SUBTRACTED FROM THE
C **** FIRST VALUE OF X UNTIL X/Xo IS -VE. INCR IS ADDED TO THIS X
C «*** VALUE AND THE CURVE STARTED FROM THERE. 50 INCRS ARE PLANNED
C **** SO THAT THIS PROCESS AND FINISHING THE CURVE AT Pf~1 CAN BE
C **** FITTED IN WITHIN THE 200 POINT GRAPH10 LIMIT.
C *»•* CONFUSED ??????? I AM ! !!
55 XX=XX+INCR
DN=DN+1 •*
PFP=XX/XOL 
IF (PFP.LE.0)CAD=1 
IF(CAD.EQ.1.AND.PFP.LE.0)G0T060 
PFPP=(PFP**WL)*(-1)
PFY=1-(EXP(PFPP))
IF(PFY.GT.0.001.AND.DN.LE.1.AND.CAD.EQ.0)THEH 
XX=XX-(2*INCR)
DN=DN-1 
GOTO 55 
ENDIF
60 WRITE(9,*)XX,PFY
IF(PFY.LT.O.999)G0TG 55
ENDIF
IF(CH0IC2.EQ.'Y ')THEN 
CLOSE(7)
CLOSE(5)
CL0SEC9)
CL0SE(10)
ENDIF
RETURN
END
C
C
SUBROUTINE MAXLIX(XOL,WL,XOM,WM,N ,X ,SDXM,SDWM,CORR)
INTEGER N
REAL*8 XOM,XOL,WM,WL,X(1001),F,F1,F2,F11,F22,F12,FD,FPREV,DEL1 ,
1 DEL2,DELL,SDXM,SDWM,CORR
EXTERNAL MAXDER 
INTRINSIC EXP,LOG
XOM=XOL
WM=WL
CALL MAXDER(F,F1,F2,F11,F22,F12,N,X0M,WM,X)
600 FPREV=F
C FD IS DETERMINANT FOR FISHER INFORMATION MATRIX (F11,F12,F21,F22)
FD=(F11«F22)-(F12«F12)
DEL1=((F1*F22)-(F2»F12))/FD 
DEL2=((F2»F11)-(F1*F12))/FD 
DELL=(DEL1*DEL1)+(DEL2*DEL2)
C ***• IF COJJS VALUES ARE OK, JUMP OUT
IFCDELL.LT.1.0E-3)G0T0650
C •»** IF COHS VALUES ARE TOO BIG, SUBTRACTION...
620 ' X0M=X0M-DEL1 
WM=WM-DEL2
CALL MAXD£R(F,F1,F2,F11,F22,F12,N,X0M,WM,X)
IFCF.LE.FPREV)G0TO600
C **** IF COWS VALUES ARE TOO SMALL, RETURN TO PREVIOUS VALUES
C »*** AND SUBTRACT SMALLER AMOUNT.....
X0M=X0M+0EL1 
WM=WM+DEL2 
DEL1=DEL1*0.2 
DEL2=D£L2*0.2 
GOTO 620
c »«»» COfls VALUES ACCEPTED, CALCULATION OF ERRORS ON VALUES..
C •*»* CALCULATION OF COVARIANCE MATRIX FOR W, Xo,
C «*«* MATRIX IS INVERSE OF FISHER MATRIX, CALCN USES DETERM. (FD)
C SD.M REPRESENT STANDARD DEVS. OF PARAMS, SQUARE THESE TO
C GET VARIANCES
650 SDXM= CF22/FD)* *0.5
SDWM=(F11/FD)**0.5 
C0RR=-F12/((F11*F22)**0.5)
RETURN
END
C •IIHIillfllllillltllKH.UIUHKUIIIIilfltllHtl!
SUBROUTINE MAXDER(F,F1,F2,F11,F22,F12,N,X0M,WM,X) 
REAL*8 F,F1,F2,F11,F22,F12,X0M,WM,Z,X(1001) 
INTEGER J,N -
INTRINSIC LOG
C F=NEG LOG LIKELIHOOD FUNCTION
C F1,F2 ARE 1ST DERIVATIVES
C F11,F22,F12 2ND DERIVATIVES
F=0.0
F1=0.0.
F2=0.0 
F11=0.0 
F22=0.0 
F12=0.0
IFCX0M.LE.0.0.0R.WM.LE.0.0)G0T010 
DO 50 J=1,N 
Z=X(J)/XOM
F=F+LOG(XOM)-LOG(WM)-( C'NM-1 )*LOG (Z)) + (Z**WM) 
F1=F1+((WM»(1-Z«*WM))/X0M) 
F2=F2-(1/yM)+CL0GCZ)*((Z**WM)-1))
FI1=F11 + (NM*(((1+WM)#(Z**WM))-1)/(XOM#XOM)) 
F22=F22+(1/(WM,irfM))+((Z#*WM)1(L0G(Z)*,2)) 
F12=F12+(1/X0M)-((Z**WM)*(1+(WM#L0G(Z)))/X0M)
50 CONTINUE
GOTO 20 
10 F=1.0E12
20 RETURN
END
C
£00
SUBROUTINE GAMMA C NG,XOG,WMG,WSD)
INTEGER I
REAL*8 Y(2),WG,X0G,PI,A,B,C,H,E,F,G(2),WMG,WSD 
INTRINSIC EXP
Y(1)=(1+(2/WG))
Y(2)=(1+(1/WG))
C ***••CALCULATING THE GAMMA FUNCTION USING STERLINGS APPROXIMATION
PI=3.14159265358979 
DO 150 1=1,2 
A=(Y(I)**(Y(I)-0.5))
B=((PI*2)**0.5)
C=(1/(12#Y(I)))
H=(1/(288*(Y(I)*«2)))
£=(139/(51840*(Y(I)**3)))
F= (571 / (2-488320* (Y
G(I)=(EXP(-Y(I))*(A*(B*(1+C+H-E-F))))
150 CONTINUE
WMG=X0G*G(2)
WSD=XOG*((G(1)-(G(2)**2))**0.5)
RETURN
END
5-2 Calculation of Errors on Characteristic Values when Weak-Link 
Scaling from one set of Parameters to another Gauge Length
c S
INTEGER J,I.N
REAL*8 LL(10),W(10),SO(10),S(10,10),L 
CHARACTER*20 FN1.FN2 
INTRINSIC EXP,LOG
J=0
WRITEC*,5)
5 FORMATC////,5X,'Input name of file for reading constants :',/) 
READ(*,'(A)’)FN1
WRITEC*,8)
FORMATC//.5X,'Input name of file for storing scaled constants 
1/)
READC*,'(A)')FN2
QPENC^,FILE=FN1 ,STAT(JS='OLD ' )
0PENC3,FILE=FN2)
10 J=J+1
READ(H,»,END=20,ERR=100)LL(J),W(J),SO(J)
GOTO 10
20 N=J-1
DO 50 J=1,N
WRITE(3,200)LL(J)
WRITE(3,205)W(J),S0(J)
WRITEC3.210)
DO 40 1=1,N
L=LL(I)/LL(J)
C S0(J)=S0(J)*1E9
SCI,J)=(L0G(L0G(1/(1-0.6320))))+(W(J)*L0G(S0CJ)))-L0G(L) 
S(I,J)=EXP(S(I,J)/W(J))
C S(I,J)=S(I,J)*1E-9
C S0(J)=S0(J)*1E-9
WRITE(3,220)LL(I),SO(I),S(I,J),((S(I,J)-SO(I))/SOCI))*100
40 CONTINUE
50 • CONTINUE
GOTO 110
200 FORMATC//,'Using constants from ',F5.1,' mm tests :',/)
205 F0RMAT('W=',F7.4,5X,'So=',F7.4,' GPa',/)
210 F0RMATC20X,'Measured So.',5X,'Scaled So',5X,'Percent difference',// 
1)
220 F0RMATCF5.1, 'mm gauge' ,5X,F10.4,6X,F10.4,8X,F10.4,/)
100 PRINT*,' ERROR IN READING CONSTANTS FILE !!l!U!!!!!!'
110 CLOSE(4)
CLOSE(3)
STOP' FILES CLOSED'
END
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5-3 Estimation of Bi-Modal Weibull Parameters for a Data-Set
INTEGER MODES,NC5),J,CH0ICC,K,NT0T
REAL*8 X(1001),RC5),MSMC5),SDC5),WLC5),X0LC5),WMC5),X0MC5),YS,YI,
1 WMG, WSD, WG, XOG,
1 WMLNC5).WSDLNC5).WCVLNC5),WMM(5),WSDM(5),WCVM(5),
2 XXC1001,5),LNX(1001,5)
CHARACTER*20 FN1 ,FNC,PFN1 1 ,PFN12,PFH13,PFN21 ,PFN31 ,PFN32,PFN33,
1PFN41,SUFFIX 
CHARACTER«4 DEFECTC1001)
CHARACTER* 1 CHOICP,RERUN,NAMES
EXTERNAL SORTER,LNANAL,STAND,MAXLIK,GAMMA,LINGEN 
INTRINSIC LOG,EXP
10 DATA (N(J),J=l,5,1)/5*0/
DATA (CXX.(J,K),J = 1,1001,1),K=1 ,5,1)/5005*0/
Q tttllltlilK K fliltiiltltltttliK llttlltitfilflK tlilltillififttil
c ••••■SORTING OR ANALYSIS MODES CHOICE
WRITE(*,100)
100 FORMATC//////,2X,'Program options are :',//,5X,'i. Multi-modal ana
llysis of one column file.',//,5X,'2. Quit.',//)
WRITEC*,110)
H O  F0RMATC5X,'Input option number : 1 or 2.',//) 
READ*,MODES
C **** IF 0UIT OPTION SELECTED ****
IF (M0DES.EQ.2)THEN
PRINT*, 'YOU HAVE ASKED TO QUIT, DO YOU REALLY MEAN THIS...... '
READC*,'(A)')NAMES 
IFCNAMES.EQ.'Y')G0T0 2500
ENDIF .•
MODES=2
C UMIIIMIIMflHIMKtHltllliUIIUtlliHOHItlillllHHIXI
c •**» INPUT FILE READ NAME AND READING OF (N) DATA POINTS CXCJ))
145 WRITEC*,150)
150 FORMATC///,1X,'Enter file name for data read:',//)
READC*,'CA)') FN1
OPENC5,FILE=FN1,STATU5='OLD',ERR=155)
GOTO 160
155 WRITEC*,158)
158 FORMATC/,'File does not exist... GIT.’)
GOTO 145
160 J=i
170 READ(5,'CF13.7.3X,A4)',END=180,ERR=2800)XCJ).DEFECT(J)
IF(DEFECT(J).EQ.'SURF')THEN
N C D = N ( D  + 1
ELSE
NC2)=NC2)+1 
ENDIF 
J=J+1 
GOTO 170
180 CLOSEC5)
NT0T=J-1
WRITEC*,190)NT0T,FH1 
190 FORMATC//////,1X,14,' Data points read from ',2X,A20,//) 
CLOSE(5)
C
WRITEC*,210)
210 FORMATC//,' Sorting data
266
c
c
c
320
330
C
335
C
338
340
C
C
400
C
C
C
C
•**• CALLING SORTING ROUTINE FOR ALL MODES 
CALL SORTER(NTOT,X,DEFECT,XX,LNX)
*** (MODES 2) WEIBULL ANALYSIS CALCULATION CHOICE 1-4 AND/OR PLOTS 
WRITEC*,320)
FORMATC//,' Weibull analysis, options are :',//,20X,'1. Store data 
1 on file.',//,20X,'2. No calc.',///,' Enter option number :',//)
READ(*,'(A)’)CH0ICC
IF(CHOICC.LT.'1'.OR.CHOICC.GT.'2')THEN
PRINT*,' INVALID ENTRY, RE-ENTER ____ '
GOTO 330 
ENDIF
**** READING FILENAME FOR CONSTANTS DATA STORAGE
IF(CHOICC.NE.'2')THEN 
WRITEC*,335)
FORMATC//,' Enter filename for storing analysis data :',//,' (defa 
1ult = "MM.CONS ")',//)
READC*,'(A)')FNC 
IFCFNC.EQ.' ’)FNC='MM.CONS'
ENDIF
•*•* PLOTDATA CALCULATION DECISION___
WRITEC*,340)
FORMATC/////,' Do you require generation of Graphi1 plot files ?' 
l,//,5X,'Key <Y> OR <N>',//)
READC*,'( a ) ')CH0ICP
IFCCHOICP.NE.'Y'.AND.CHOICP.NE.'N’)GOTO 338
**•* IF NO CALCULATION REQUIRED AND NO PLOTS REQUIRED, QUIT. 
IF(CHOICC.EQ.'4'.AND.CHOICP.EQ.'N')GOT02500
*••• IF PLOT CALCULATION OPTION SELECTED, READING OF FILENAMES
IFCCHOICP.EQ.'Y')THEN 
WRITEC*,400)
FORMATC/,'Input suffix for series of plot data filenames :',//)
READC*,’(A)')SUFFIX
PFH11='A.1.'//SUFFIX 
PFN12='A.2.'//SUFFIX
PFN21='B.'//SUFFIX
PFN31='C.1.'//SUFFIX 
PFN32='C.2.'//SUFFIX
PFN41='D.'//SUFFIX
"•A* FILES
OPEN(11,FILE=PFN11)
0PEN(12,FILE=PFN12)
'B' FILES
0PENC21,FILE=PFN21)
'C' FILES
OPEN(31,FILE=PFN31)
OPENC32,FILE=PFN32)
'D' FILES
0PENC41,FILE=PFN41)
ENDIF
C STATISTICAL ANALYSIS ROUTINES
C **** STANDARD DEV. + MEAN CALC IF CONS REQUIRED 
CALL STANDCN,XX,MSM.SD,MODES,NTOT)
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C HHItiHIHHIIIHiHIIIIIIHHIiilllHMfKilHilHlltllHtHH
c **** WEIBULL LN/LNLW ANALYSIS, NOTE: THIS ALWAYS RUNS TO GIVE
C *••* CONS TO RUN MAXLIK ANALYSIS.
CALL 'Qfl&AL
1 (NTOT XOL, CHOICP, WL, YS, YI, MODES ,LNX, N, DEFECT, XX )
C •** CALCULATION OF MEAN, SD, AND CV USING WEIBULL EQNS AND LN CONS
DO 585 K=1.MODES,1
WG=WL(K)
XOG=XOL(K)
CALL GAMMA(WG,XOG,WMG,WSD)
WMLN(K)=WMG
WSDLN(K)=WSD
WCVLN(K)=(WSD/WMG)«100
585 CONTINUE
Q ...................... .
C *«•* MAXLIK ANALYSIS IF REQUIRED, INITIAL Xo, W VALUES TAKEN FROM
C **•* LnLn/Ln ANALYSIS.
IF(CHOICC.EQ.'1'.OR.CHOICC.EQ.'3')WRITE(*,590)
590 F0RMAT(/,15X,'Running likelihood analysis....... ',////)
CALL MAXLIK (XOL.WL.XOM.WM,NTOT,X,N,XX,MODES,LNX)
C CALCULATION OF MEAN, SD, AND CV USING WEIBULL EQNS AND ML CONS
DO 600 K=1.MODES,1
WG=WM(K)
X0G=X0M(K)
CALL GAMMA(WG,XOG,WMG,WSD)
WMM(K)=WMG
WSDM(K)=WSD
WCVM(K)=(WSD/WMG)*100
600 CONTINUE
C ItlflMmiHtlHIIKIHIIHIHIIMIKtlHUIHHIHHHHHMIII
C ••*• CALCULATING LINES TO GO ON PLOTS
IF(CHOICP.EQ.'Y')THEN 
CALL LINGEN(NTOT,X,XOM,WM)
ENDIF
C limiHKIIIilHMIIflllHIIKMIiltHUillHIKtlMMItHIIIIHI
C II<I1IIHI<IHIHIHU<IHIHIIHIHIHIIIIIHIIIHIIHIHIIHIIII
C STORING CONSTANTS ON DATA FILE (FNC)
C IHIIIIHIIIIflMIIIIIOIIIKHIUHIItlKIHIIIHtMltillHMifK
IF(CH0ICC.NE.'2’)THEN
0PEN(5,FILE=FNC)
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WRITE(5,795)FN1 
DO 892 K=1,MODES, 1
WRITE(5,800)K,N(K),MSM(fC),SD(K),(SD(K)/MSM(K))»l00 
WRITEC5,850)WLCK),XOL(K),R(K),WMLNCK),WSDLNCK),WCVLN(K) 
WRITE(5,890)WM(K),X0M(K),WMM(K),WSDM(K),WCVM(K)
795 FORMAT(/,’ Analysis of data from file',5X,•:',A20,/)
800 FORMAT(///,' Defect type ',12,//,' Number of
1 observations',9X,':',14,//,1 Mean of measured values',8X,':',F8.H 
2,/,' Standard deviation on mean1,5X,': 1 ,F8.4,/,' Coefficient of va 
3riation',7X,':',F8.H,' *',/)
850 FORMAT(/-,' From Ln/LnLn analysis Weibull exponent',15X,
1':',F8.H,/,' Characteristic value',i1X,':',F8.4,/,* Correlation co 
2efficient’,8X,':’,F8.i},//,' Weibull mean*,19X,':•,F8.4,/,' Weibull 
3 SD',21X,’:',F8.i»,/,' Cv',29X,':', F 8 . V  ?',/)
890 F0RMAT(/,' From maximum likelihood analysis Weibull exp
lonent’,15X,’:*.FS.^,//,’ Characteristic value’,11X,':',F8.H,//,' W 
2eibull mean',19X,':',F8.4,/,' Weibull SD',21X,':',F8.H,/,' Cv',29X 
S.'s'.FS.V %',//)
892 CONTINUE
CLOSE(5)
WRITE(*,895)FNC 
895 F0RMATC/////,'Analysis results stored in ',A20,/)
ENDIF
IF(CH0ICP.EQ.'Y')WRITE(#,900)PFN11,PFH21,PFN31,PFN41
900 FORMAT(/,'X vs Pf data in ',A20,/,'Estimated line for linear axe 
1s in ',A20,//,'Ln/LnLn data in ',A20,/,'Ln/LnLn regression lines i 
2n ',A20,/)
2000 WRITE(«,2010)
2010 F0RMAT(/,'Do you want to re-run program for a further analysis ?' 
1,/)
READ(#,'(A)')RERUN
IF(RERUN.NE.'Y'.AND.RERUN.NE.'N')G0T0 2000 
IF(RERUN.EQ.' Y ')G0T010
G0T03000
'2500 WRITE(»,2510)
2510 FORMAT(///,' You quit too easily sucker, get your act together') 
G0TO3000
2800 CLOSE(5)
w r i t e C . e s i o )
2810 F0RMAT(///,15X,'ERROR IN READING DATA FILE......... ',//,25X,
1'PROGRAM DROPPED   GIT !',//,5X,'BUT LUCKIL
2Y FOR YOtf YOUR''E GETTING ANOTHER CHANCE...')
GOTO 10
3000 STOP 
END
C
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SUBROUTINE SORTER (NTOT,X,DEFECT,XX.LNX) 
INTEGER NTOT,J,K
REAL*8 X(1001),T,XX(1001,5),LNX(1001,5) 
CHARACTERDEFECT( 1001),DT 
INTRINSIC LOG
510 J=0
520 J=J+1
IF(J.EQ.NTOT)GOTO530 
IF(X(J).LE.X(J+1))G0T0520 
T=X(J)
DT=DEFECT(J)
' X(J)=X(J+1)
DEFECT(J)=DEFECT(J+1)
X(J+1)=T 
DEFECT(J+1)=DT 
GOTO 510
530 DO 600 J=1,NT0T,1
IF(DEFECT(J).EQ.'SURF'JTHEN 
K=1
ELSE
K=2
ENDIF
XX(J,K)=X(J)
LNX(J,K)=LOG(X(J))
600 CONTINUE
C 0PEN(25,FILE='S0RTED.DATA')
C DO 700 J=1,NTOT
C WRITE(*,*)X(J).DEFECT(J)
C WRITE(25,602)X(J).DEFECT(J)
C602 FORMAT(F13.7,3X,A10
C700 CONTINUE 
C CLOSE(25)
RETURN
END
C
C
SUBROUTINE STAND(N,XX,MSM,SD.MODES,NTOT)
INTEGER N(5),MODES,K,J,NTOT
REAL*8 MSM(5),SD(5),SMXS,SM,MSMS,XX(1001,5)
DO 50 K=1,MODES,1
SMXS=0
SM=0
DO 20 J=1,NTOT,1 
IF(XX(J,K),LE.0.0)G0T020
SMXS=SMXS+(XX(J,K)**2)
SM=SM+XX(J,K)
20 CONTINUE
MSM(K)=SM/H(K)
MSMS=(MSM(K)**2)
SD(K)=((SMXS-(N(K)*MSMS))/(N(K)-1))*»0.5 
50 CONTINUE
RETURN
END
SUBROUTINE LNANAL
1(NTOT,X ,R,XOL,CHOICP,WL,YS,YI,MODES,LNX,N ,DEFECT, XX )
INTEGER J,NTOT.,MODES,N(5),K
REAL*8 LNX,LPF,WL(5),INTE(5),RRF,R(5),XOL(5),SUMLNX,SUMLPF,X,PF, 
1SMLNX2,SMLPF2,SUMSP,XM,WP,RR,YS,YI,SM2LPF,XX
CHARACTER*1 CHOICP 
CHARACTER*^ DEFECT(1001)
DIMENSION LNXOOOI,5),LPF(1001,5),XX(1001,5),PF(1001,5) ,X(1001) 
INTRINSIC EXP,FLOAT,LOG,ABS
C ••••.CALCULATION OF (N) PF VALUES FOR LN/LNLN ANALYSIS
DO 200 K=1,MODES,1
DO 100_J=1,NTOT,1 
\
IF(XX(J ).LE.0.0)GOT0100
IF (NT0T.LT.20)THEN
PF(J,K) = (<J-0.375)/(NTOT+0.25)
ELSEIF (NTOT.GE.20) THEN
PF(J,K)=(J-0.5)/NT0T
ENDIF
LPF(J,K)=L0G(L0G(1.0/(1.O-PF(J.K))))
C •**• IF PLOTDATA REQUIRED, WRITING OF X/PF LNX/LNPF TO FILES
IF(CHOICP.EQ.'Y')THEN
WRITE(10+K,•)XX(J,K),PF(J,K)
WRITE(30+K,*)LNX(J,K),LPF(J,K)
ENDIF
100 CONTINUE
200 CONTINUE
C •*•• CALCULATION OF SUMS ETC. FOR STATISTICAL ANALYSIS
DO 350 K=l,MODES,1
SUMLNX=0
SUMLPF=0
SMLNX2=0
SMLPF2=0
SM2LPF=0
SUMSPrO
DO 300 J=1,NT0T,1
IF(XX(J,K).LE.0.0)GOTO300
SUMLNX=SUMLNX+LNX(J ,K ) 
SUMLPF=SUMLPF+LPF(J,K)
SMLN X2 =SMLNX2+(LNX(J,K)*»2) 
SMLPF2=SMLPF2+(LPF(J,K)##2) 
SUMSP=SUMSP+(LNX(J,K)*LPF(J,K))
300 CONTINUE
XM=SUMLNX/H(K)
SM2LPF=(SUMLPF**2)
C •••• REGRESSION ANALYSIS TO CALC W(WL) XO(XOL)
WP=SUHSP-(XM«SUMLPF)
WL(K)=WP/(SMLNX2-(XM»SUMLNX))
INTE(K)=(SUMLPF-(WL(K)•SUMLNX))*(1/(FLOAT(N(K))))
RR=(INTE(K)«SUMLPF)+(WL(K)«SUMSP)-((1/(FL0AT(N(K))))*SM2LPF) 
RRF=RR/(SMLPF2-((1/(FLOAT(N(K))))»SM2LPF))
R(K)=RRF**0.5
X0L(K)=EXP((0.000-INTE(K))/WL(K))
350 CONTINUE
CLOSE(11) 
CLOSE(12) 
CLOSE(31) 
CLOSE(32)
RETURN
END
C  ...
C **&&
SUBROUTINE MAXLIK (XOL,WL,XOM,WM,NTOT,X,N,XX,MODES,LNX)
INTEGER K ,N (5),NTOT,MODES,C ,J ,REVERS
REAL»8 XOM(5),XOL(5),WM(5),WL(5),X(1001),XX(1001,5),DELTA,SUM1(5), 
1SUM2(5),SUM3(5),LIK(0:10000),LNX(1001,5)
INTRINSIC LOG,ABS
C WRITE(*,190)
Cl 90 FORMAT(/,12X,'K',5X,'C',8X,’WM(K)',10X,'LIK',10X,'DELTA')
DO 1000 K=1,MODES,1 
WRITE(«,10)K
10 F0RMAT(//,'Running maximum likelihood analysis',//,'Defect type ', 
114,/)
REVERS=1
DELTA=1
C=0
LIK(0)=1E25
XOM(K)=XOL(K)
WM(K)=WL(K)
400 SUM1(K)=0
SUM2(K)=0 
SUM3(K)=0 
C=C+1
DO 600 J=1,NT0T,1
SUM1(K)=SUM1(K)+(X(J)«»WM(K))«L0G(X(J))
SUM2(K)=SUM2(K)+(X(J)##WM(K))
IF(XX(J,K).LE.0.'0)GOTO600 
SUM3(K)=SUM3(K)+LNX(J,K)
600 CONTINUE
LIK(C)='(1/WM(K)) + (SUM3(K)/N(K))-(SUM1(K)/SUM2(K))
C STOPPING ITERATIVE PROCESS
IF(ABS(LIK(C)).LE.1E-4)G0TO900 
C •••• SETTING DELTA
IF(ABS(LIK(C)).GE.100)DELTA=2
IF(ABS(LIK(C)).GE.10.AND.ABS(LIK(C)).LT.100)DELTA=5 
IF(ABS(LIK(C)),GE.1.AND.ABS(LIK(C)),LT.10)DELTA=10
IF(ABS(LIK(C)).GE.1E-1.AND.ABS(LIK(C)).LT.1)D£LTA=100 
IF(ABS(LIK(C)).GE. IE-3.AND.ABS(LIK(C)).LT.1E-1)DELTA=1000 
IF(ABS(LIK(C)).GE.IE-5.AND.ABS(LIK(C)).LT.1E-3)DELTA=10000
IF(LIK(C).LT.LIK(C-1).AND.LIK(C-1).LT.0.0 .OR.
2LIK(C).GT.LIK(C-1).AND.LIK(C-1).GT.0.0)THEN
REVERS=REVERS*(-1)
ENDIF
WM(K)=WM(K)+((WM(K)*REVERS)/DELTA)
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C WRITE(8,210)K,C,WM(K), LIK(C),DELTA
C WRITE(*,210)K,C,WM(K),LIK(C),DELTA
C210 FORMATCAfter : •, 1 3 , ,  1 3 , , F 13.10,4X,F13.10,ilX,F10.4) 
GOT0400
900 X0M(K)=(SUM2(K)/N(K))**(1/WM(K))
PRINT",'W= ',WM(K),'Xo= ' ,XOM(K) 
1000 CONTINUE
RETURN
END
C fHtHilllllliHIHIIHKKKHiliKllHtiillll
C HUHllflfHIIIIIHKIKMHHflKiflMtlfHI
SUBROUTINE GAMMA(WG,XOG,WMG,WSD)
INTEGER I
REAL*8 Y(2),WG,X0G,PI,A,B,C,H,E,F,G(2),WMG,WSD 
INTRINSIC EXP
Y (1) = (1 + C2/WG))
Y(2)=(1+(1/WG))
C «•** CALCULATING THE GAMMA FUNCTION USING STERLINGS APPROXIMATION
PI=3.14159265358979 
DO 150 1=1,2 
A=(Y(I)**(Y(l)-0.5))
B=((PI«2)»»0.5)
C=(1/(12*Y(I)))
H=(1/(288*(Y(I)**2)))
E=(139/(51840*(Y(I)««3)))
F=(571/(2488320*(Y(I)**4)))
G(I)=(EXP(-Y(I))*(A"(B*(1+C+H-E-F))))
150 CONTINUE
WMG=X0G*G(2)
WSD=X0G*((G(1)-(G(2)«»2))*«0.5)
RETURN
END
C tllllllllUIKHftllUIIHIIHtlllllUHIHiltMltKltHMHHIM
C tlllfltlllftltllitftlttMIMIfMIUIIItiMMfMKM,,,,,,,,*,,,,,
SUBROUTINE LINGEN(NT0T,X,X0M,WM)
INTEGER NTOT
REAL*8 WM(5),X0M(5),X(100l),PFY,XP,PF1,PF2,PF3 
INTRINSIC EXP,LOG
PF1=0
PF2=0
PF3=0
DO 656 XP=0.05,2,(2-0.05)/200
PF1=1-EXP(-1#((XP/X0M(l))**WM(1))) 
PF2=1-EXP(-1*((XP/X0M(2))*#WM(2)))
PFY =1-((1-PF1)•(1-PF2))
WRITEC21,*)XP,PFY
IFCPFY.LT.0.007.OR.PFY.GT.0.998)G0T0 656 
IF(XP.LT.0.14.0R.XP.GT.2.0)GOTO 656 
WRITE(41,*)L0G(XP),L0G(L0G(1/(1-PFY))) 
656 CONTINUE
CLOSE(21)
CLOSE(41)
RETURN
END
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5-4 Calculation of First Failures in a Series of Notional Gauge Lengths 
for a 10 Fibre Array
INTEGER FIBNO,FIBRE,FNN0,Z,J,N
REAL*4 STRAIN,P0SN,DEBT,DEBB,GAUGET,GAUGEB
CHARACTER FN1*20,FNNEW*20,RERUN*1,TEXT(20)*1,
1 NEWTEX*20 '
INTRINSIC CHAR
C **** INPUT OF DATA FILE NAME AND OPENING OF FILE **** 
145 WRITE(*,150)
150 F0RMAT(///fIX,'Enter file name for data read:',//) 
READC*,'(A)') FN1
0PEN(5,FILE=FN1,STATUS='OLD',ERR=155)
GOTO 200
155 WRITE(*,158)
158 F0RMAT(/,'File does not exist... GIT.')
■ GOTO ’45
C **** INPUT OF STRAIN DATA FILE NAMES FOR STORAGE ****
200 DO 2'0 Z=1,20,1 
TEXT(Z)=' ’
210 CONTINUE
WRITE(«,220)
220 FORMAT(//,'Input prefix for new file names :',//)
READ(*,'(A)')FNNEW
DO 250 Z=1,20,1 
TEXT(Z)=FNNEW(Z:Z)
IF(TEXT(Z).EQ.' ')THEN 
TEXT(Z)=’.’
J=Z+1 
GOTO 260 
ENDIF
250 CONTINUE
260 WRITE(*,265)
265 FORMAT(///,'Checking for breaks between ')
C *•«* LOOP N=',7 FOR 7 NOTIONAL GAUGES 200,100,100,50,50,50,50 ••••
C ••«* GAUGET=T0P OF NOTIONAL GAUGE LENGTH, ..B=B0TT0M •»•*
DO 1000 N=1,7,1
GAUGET=-199
GAUGEB=0
TEXT(J+1)='0'
TEXT(J+2)='01
C «•*• FOR ONE x 200mm GAUGE LENGTH «**•
IF(N.LE.i)THEN
GAUGET=GAUGET+200
GAUGEB=GAUGEB+200
FNN0=10
TEXT(J)='2'
C ***• FOR TWO x 100mm GAUGE LENGTHS •••*
ELSEIF(N.GE.2.AND.N.LE.3)THEN
GAUGET=GAUGET+100+((N-1)*100)
GAUGEB=GAUGEB+((N-i)*iOO)
FNN0=i1 
TEXT(J)='i'
C FOR FOUR x 50mm GAUGE LENGTHS •***
ELSEIF(N.GE.H.AND.N.LE.7)THEN 
GAUGET=GAUG£T+150+((N-3)»50) 
GAUGEB=GAUGEB+((N-3)*50) 
FNN0=12 
TEXT(J}='5'
TEXT(J+2)=’ '
ENDIF
DO 300 Z=20,1,-1 
NEWTEXsTEXT(Z)//FNNEW 
FNNEW=NEWTEX 
300 CONTINUE
IFtN.EQ.1.0R.N.EQ.2.0R.N.EQ.1)) OPEN(FNNO,FILE=FNNEW) 
C *•** FIBNO=1,10 FOR ARRAY OF 10 FIBRES ****
WRITE(*,160 JGAUGET.GAUGEB 
160 F0RMAT(/,F6.1,' nun and \F6.1,' nun')
DO 800 FIBN0=1,10,1 
REWINDC5)
170 READ(5,1',END = -180,ERR = 1500)STRAIN,P0SN .FIBRE .DEBT,DEBB
IF(FIBRE.NE.FIBNO) GOTO 170
IFCGAUGET.LE.POSN.AND.GAUGEB.GE.POSN) GOTO 500 
GOTO 170 
’80 WRITE(*,’85)FIBN0
’85 FORMAT (/, 'Result not found for fibre number ’.I1*)
GOTO 800 
500 WRITE(FNNO,*)STRAIN
800 CONTINUE
IFCN.EQ.1.0R.N.EQ.3.0R.N.EQ.7) CLOSE(FNNO)
1000 CONTINUE 
CLOSEC5)
1200 WRITE(#,12 10)
12’0 FORMAT(/,'Do you want to re-run program for a further analysis ?' 
\ / >
R E A D ( V ( A ) ’)RERUN
IF(R£RUN.NE.'Y'.AND.RERUN.NE.'N')GOTO 1200
IF(RERUN.EQ. 'Y' )G0T01115
GOT02000
1500 WRITEC*,1510)
15n0 FORMAT(///,’OX,*ERROR IN READING DATA FILE' , , 10X,'PROGRAM DROPPE 
*D ................ GIT!’,///)
2000 STOP
END
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5-5 Calculation of Thermal Constraint Imposed on a Fibre in a Matrix on 
Cooling from Elevated Temperature
REAL*8 RF,RM,GF,GM,EF,EM,TEF,TEM,PI,AF,AM,L,T,TOP,BOT,STF,STM,
1 STRF.STRM
CHARACTER*20 FN1,A*50,STRESF*13,STRESM*i3,UNF*4,UNM*4,RERUN* 1 
INTRINSIC ABS
10 UNF=' Pa '•
UNM=' Pa '
15 WRITE(*,20)
20 FORMAT(//,'Input filename for reading system properties :',/)
READ(*,'(A)')FN1
0PEN(2,FILE=FN1,STATUS='0LD',ERR=50)
GOTO 90
50 WRIT£(*,55)
55 FORMAT(//,' FILE DOES NOT E X I S T  ... GIT!!!!',//)
GOTO 15
90 READ(2,100)A,RF,A,RM,A,GF,A,GM,A,EF,A,EM,A,TEF,A,TEM
100 F0RMAT(/,8(A50,Fm.6,//))
CLOSE(2)
WRITE(»,140)
140 F0RMAT(//,'Input thickness of resin coating (um) :',/)
READ*,RM
PI=3.14159268
RM=(((RM*2)+RF)* 1E-6)/2
RF=(RF*?E-6)/2
EM=EM*1E9
EF=EF*iE9
TEF=TEF*iE-6
TEM=TEM*iE-6
AF=PI*RF*RF
AM=(PI*RM*RM)-AF
L=100
WRITE(*,40)
40 F0RMAT(//,'Input temperature change (+/- degrees centigrade) :' 
READ*,T
TOP=(TEM-TEF)*L*T 
B0T=(L/EF)+(((AF/AM)*L)/EM)
STF=ABS(T0P/B0T)
STRF=ABS((STF/EF)*100)
STM=ABS((STF*AF)/AM)
STRM=ABS((STM/EM)*100)
IF(T.LE.0.AND.TEF.LT.TEM.OR.T.GT.0.AND.TEF.GE.TEM)THEN 
STRESF='(compressive)'
SXRESM='(tensile)'
ELSE
STRESM='(compressive)'
STRESF=*(tensile)'
ENDIF
IF(5TF.GE.1E6)THEN 
STF=STF/1E9 
UNF=' GPa'
ENDIF
IF(STM.GE.1E6)THEN 
STM=STM/1E9 
UNM=1 GPa'
ENDIF
WRITE(*,400)STF,UNF,STRF,STRESF,STM,UNM,STRM,STRESM 
400 FORMAT(///,'Stress in fibre is ',F14.4,A4,/,'Strain in fibre is ’ 
1.F14.4,' % ',A13,//,'Stress in matrix is ',F13.4,A4,/'Strain in
2matrix is *,F13.4,' % ',A13,///)
2000 WRITE(*,2010)
2010 F0RMAT(/,'Do you want to re-run program for a further analysis ?' 
!,/)
READ(*,'(A )')RERUN
IF(RERUN.NE.'Y'.AND.RERUN.NE.'N')G0T0 2000 
IF(RERUN.EQ.'Y*)G0T01Q
STOP
END
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5-6 Calculation of Mechanical Constraint Imposed on a Fibre in a 
Matrix, (Aveston-Sillwood model [1273)
INTEGER I
REAL*8 RF,RM,GF,GM,EF,EM,TEF,TEM,PI,AF,AM,L,T,TOP,B0T,STF,STM,
1 STRF,STRM,VM,VFtMUF,LAMF,MUM,LAMM,PRM,PRF,B1,B2,BETA,EAPP,PP,
2 G1,G2,GAMMA,EZZF,EZZM,ERRF,ERRM,EOOF,DELTAF,DELTAM,DELTA,
3 SIGZZF,SIGZZM,SIGRRF,SIGRRM,SIGOOF,SIGOOM,GSF,RC,EOOM
CHARACTER#20 FN1,A*50,STRESF*13,STRESM»13,UNF*4,UNM*J|.RERUN*1,FN2 
INTRINSIC ABS
10 WRITEC*,20)
20 FORMAT(//,'Input filename for reading system properties :',/)
READ(*,'(A)')FN1
15 0PENC2,FILE=FN1,STATUS='0LD*,ERR=50)
GOTO 90
50 WRITEC*,55)
55 FORMATC//,' FILE DOES NOT EXIST ........ GIT!!!!',//)
GOTO 10
90 READ(2,100)A,RF,A,RM,A,GF,A,GM,A,EF,A,EM,A,TEF,A,TEM,A,GSF,A,PRF,
1A.PRM
100 FORMATC/,11(A50,F14.6,//))
CLOSE(2)
WRITEC*,150)
150 FORMATC//,'Input matrix thickness for calc Cum):',/) 
READ*,RM 
RM=RM/1E6 
PP=RM/200
C WRITEC*,160)
C160 FORMATC//,'Input applied strain (.%) :',/) 
C READ*,EAPP
C EAPP=EAPP/100
PI=j.1^159268
RF=50«iE-6
AM=(PI*RM*RM)-AF
AF=PI*RF*RF
GM=GM*1£9 
GF=GF*1E9 
EM=EM#1E9 
EF=EF* i'E9
VM=CAM-AF)/AM
VF=AF/AM
C •••• CALC OF CONSTANTS.
MUF=CEF/C2*CUPRF)))
LAMF»CPRF*EF)/CC1+PRF)#C1-C2*PRF)))
MUM=CEM/C2*Ci+PRM)))
LAHM=CPRM«EM)/(C1+PRM)*C1-C2*PRM)))
C **** CALC OF BETA AND GAMMA, SUBCALCS ARE B1, B2... G1, G2.. ETC
B1= CL-AMM*(MUF+LAMF+MUM))+(VF*MUM#CLAMF-LAMM))
B2= C CMUM+LAMM)* CMUF+LAMF+MUM))+ CVF*M'JM*(MUF+LAMF-MUM-LAMM))
G1= CMUM*LAMF)-CMUF«LAMM)
G2= CCMUM+LAMM)*(MUF+LAMF+MUM))+CVF*MUM*CMUF+LAMF-MUM-LAMM))
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DO 1000 EAPP=0.002,0.012,0.002
WRITEC*,120)(EAPP*100),(RM«1E6)
120 FORMATC//,'Applied strain = ',F5.2,//,'Matrix thickness = ',F9.U, 
1//,'Input filename for storing stress output :',/)
READC*,'Ca )')FN2
0PENO0 ,FILE=FN2)
BETA= - CEAPP/2)* CB1/B2) 
GAMMA = -C E AP P/2)*(G 1/G2)
C **** EZZ, ERR, E00, STRAIN IN Z CTENSILE) AXIS, R CRADIAL) AXIS
C **** AND THETA DIRECTIONS. SIGZZ ETC ARE STRESSES IN THESE AXES
RC=RF
DO 800 1=0,200,1
RC=RC+PP
EZZF=EAPP
EZZM=EAPP
ERRF=BETA+GAMMA
ERRM=BETA-CCGAMMA*CRF*RF))/CRC«RC))
EOOF=BETA+GAMMA
e o o m=b e t a+CCg a m m a*Cr f *r f ))/Cr c *r c ))
DELTAF=ERRF+EOOF+EZZF
DELTAM=ERRM+EOOM+EZZM
DELTA=DELTAF
SIGZZF=C2*MUF*EZZF)+CLAMF*DELTA)
SIGZZM=C2*MUM*EZZM)+CLAMM*DELTA)
SIGRRF=(2*MUF*ERRF)+CLAMF*DELTA)
SIGRRM=C2«MUM*ERRM)+CLAMM*DELTA)
SIG00F=C2«MUF*E00F)+CLAMF*DELTA)
SIG00M= C2*MUM*E00M)+ CLAMM*DELTA)
C WRITEC*,799)CRC*1E6),CSIGZZF/1E9),CSIGRRF/1E9),C CSIGRRF-SIGZZF)/2E
C +9)
C799 FORMATC/,'Radius for calculation = ',F7.U,//,'Axial stress = ',F7. 
C +H,//,'Radial stress = ' .F7.4,//, 'Shear stress = '.F7.1*,//)
C WRITEC10,*)I,'RR',CSIGRRF/1E9),CSIGRRM/1E9)
C WRITEC10,*)l,'00',CSIG00F/1E9),CSIG00M/1E9)
WRITEC10,«)CRC*1E6),(SIGOOM/1E9)
800 CONTINUE
CLOSEC10)
1000 CONTINUE
2000 WRITEC*,2010)
2010 FORMATC/,'Do you want to re-run program for a further analysis ?' 
’./>
READC*,*CA)')RERUN
IFCRERUN.NE.'X'.AND.RERUN.NE.'N')G0T0 2000 
IFCRERUN.EQ.'X')G0T015
STOP
END
o 
o 
o 
o 
o 
o
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5-7 Calculation of Corrected Fibre Failure Strains for a Data-Set taken 
from an Array where LLS is Operative
INTEGER F,LINK,FIBRE,ST(10,2002)
REAL*4 STRAIN,POSN,DEBT,DEBB,LEN,FACTOR,SCF(10,2002),PT,PB 
CHARACTER*20 FN1,FN2,RERUN*1 
EXTERNAL SCFCAL
c lixiiiiitK LETS DO IT !!!!! ««*•«•*»•**»*»*•***»*»»»» ,
C **** ARRAY INITIALISATION
•*•* LINK = 1,2000,1 EQUIVALENT TO 2000x100um LINKS
•*** FIBRE OR F = V O , 1 FIBRE NUMBER IN ARRAY
**** STATUS (ST) 1 = INTACT FIBRE
**** STATUS (ST) 2 = FRACTURE SITE
•**• STATUS (ST) 3 = SHATTERED SECTION (DAMAGE LENGTH)
**»* STATUS (ST) 4 = STRESS TRANSFER REGION
10 DATA ((ST(F,LINK),LINK=1,2000,1),F=1,10,1)/20000*1/
DATA ((SCF(F,LINK),LINK=1,2000,1),F=1,10 ,1)/20000*1/
C **** INPUT OF DATA FILE NAME AND OPENING OF FILE ****
100 WRITE(*,110)
110 FORMAT(///,IX,'Enter file name for data read:',//) 
READ(*,'(A)') FN1
0PEN(5,FILE=FN1,STATUS='OLD',ERR=135)
GOTO 200
135 WRIT£(*,140)
140 FORMAT(/,'File does not exist... GIT.')
GOTO 100
C ••** INPUT OF HEW STRAIN DATA FILE NAME FOR STORAGE ****
200 WRITE(*,210)
2 10 FORMATC//,'Input new file name for estimated data store :',//) 
READ(*,'(A)')FN2 
OPEN(6,FILE=FN2)
C *•** INPUT OF FACTOR (F) FOR SCF CALCULATION
C **»* SCF CALCULATED IN S'RTINE AS SCF=1/((R**0.5)/F)
WRITE(*,310)
3'0 FORMAT(//,'Input F value for SCF-calculations :',//)
READ(*,*)FACTOR
C •••* LEN IS THE STRESS TRANSFER LENGTH AFTER THE DAMAGE ZONE *** 
c put IN AS mm, EG; LEN=2.0 IS EQUIVALENT TO 20 DIAMETERS ***
LEN=2.0 
WRITE(*,400)
400 FORMAT (//'Reading data file ',//,'Calculating ',//)
500 READ(5,*,END=800,ERR=1500)STRAIN,P0SN,FIBRE.DEBT,DEBB
PT=-0.1
DO 550 LINK=1,2000,1
PT=PT+0.1 
PB=PT+0.1
IF (POSN.GE.PT.AND.POSN.LT.PB) GOTO 600 
550 CONTINUE
600 WRITE(6,*)(STRAIN*SCF(FIBRE,LINK)),SCF(FIBRE,LINK),FIBRE,LINK,POSN
GOTO 500
800 CLOSE(5)
CLOSE(6)
1200 WRITE(*,1210)
1210 FORMAT(/,'Do you want to re-run program for a further analysis ?' 
\/)
READ(«,'CA)')RERUN
IF(RERUN.NE.'Y’.AND.RERUN.NE.’N ’)G0T0 1200 
IF(RERUN.EQ.’Y ’)GOTO10 .
G0T02000
1500 WRITE(«,1510)
1510 F0RMAT(///,1OX,’ERROR IN READING DATA FILE',//,1OX,'PROGRAM DROPPE
ID .................GIT!',///)
2000 STOP 
END
C
C
SUBROUTINE SCFCAL(POSN,DEBT,DEBB,LEN,ST,SCF,FIBRE,FACTOR) 
INTEGER F,LINK,ATT,FL,FR,ST(’0,2002),FIBRE
REAL*U SCF(10,2002),DEBB,DEBT,POSN,PT,PB,TRLT,TRLB,R,LEN,FACTOR
C ** * * SETTING LIMITS FOR STRESS TRANSFER LENGTH
C TRLT=TOP LIMIT
C TRLB=BOTTOM LIMIT
TRLT=DEBT-LEN
IF(TRLT.LT.0.0)TRLT=0.0
TRLB=DEBB+LEN
IF(TRLB.GT.200.0)TRLB=200.0
C CALCULATING NEW SCF FOR EACH LINK
C *•** PT AND PB REPRESENT THE UPPER AND LOWER BOUNDS FOR *•*
C **»» THE LENGTH OF EACH LINK (IN mm) •*»»»**•**»**•*»#»*»»
PT=-0.1
DO 1000 LINK=1,2000,1
C INCREMENT UPPER AND LOWER BOUNDS OF LINK LENGTH * * * * * *
PTsPT+O.1 
PBsPT+O.1
C IF NOTHING HAS HAPPENED TO THIS LINK SKIP TO NEXT
IF (TRLT.GE.PB.OR.TRLB.LT.PT) THEN 
GOTO 1000
C IF DAMAGE TO LINK SETTING NEW STATUS 1-4 ••••*•»»•••••
ELSEIF (TRLT.GE.PT.AND.TRLT.LT.PB)THEN 
ATTsU
ELSEIF (DEBT.GE.PT.AND.DEBT.LT.PB)THEN 
ATT=3
ELSEIF (POSN.GE.PT.AND.POSN.LT.PB)THEN . .
ATT=2
ELSEIF (POSN.LT.PT.AND.DEBB.GE.PT)THEN 
ATT=3
ELSE
ATT=4
ENDIF
ST(FIBRE,LINK)=ATT 
C CALCULATING NEW SCF FOR EACH FIBRE IN THIS LINK SECTION «**«
DO 900 F=J.10,1
C **»* NUMBER OF ADJACENT BROKEN FIBRES TO LEFT OF EACH INTACT ONE
R=0
IF (F.EQ.1) GOTO 200 
DO 100 FL=(F-1),1,(-1)
IF (ST(FL,LINK).EQ.1) GOTO 200 
R=R+1 
100 CONTINUE
C NUMBER OF ADJACENT BROKEN FIBRES TO RIGHT OF EACH INTACT ONE
200 IF (F.EQ.’O) GOTO 400
DO 300 FRrCF+O.’O,1 
IF (ST(FR,LINK).EQ.-1) GOTO 400 
R=R+1 
300 CONTINUE
C *»•* TOTAL =R, THEN NEW SCF FOR THAT FIBRE = 1+ SQRT(R)/FACTOR
400 SCF(F,LINfe)=1+((R**0.5)/FACTOR)
900 CONTINUE 
*000 CONTINUE
RETURN
END
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5-8 Shear-Lag Analysis for Calculating Interfacial Shear-Stress arid 
Fibre Tensile Stress in a Single Fibre Composite under Axial 
Loading
INTEGER J,Z
REAL*8 STC,L,RF,RM,GM,EF,EM,X,INC,PI,£C,SP,B,TI,SF,K,DELTAP,
ISC,TOPT,TOPS,LIMIT,CO,DEL,DELD,K2,GF,VF,VM,VF2,DELTA,SFO,ETA 
CHARACT£R*20 A*40,CH0IC1*1,FN1,FN2,CH0IC2*6,FNS,FNT,CS,CT 
EXTERNAL CONST 
INTRINSIC LOG,SINH,COSH,ABS
WRITEC*,60)
60 FORMATC//,'Input name of file for reading material props',/)
READC*,'CA)')FN2
0PENC3,FILE=FN2)
75 WRITEC*,80)
80 FORMATC//,'Do you require calculation based on Dow, Cox or Rosen t
1heory ?',//,'Key D, C or R only.',/)
READC*,'CA)')CH0IC2
IFCCH0IC2.NE.'D'.AND.CH0IC2.NE.'C'.AND.CH0IC2.NE.'R')G0T0 75
WRITEC*,100)
100 FORMATC//,'Input applied strain (.%) and fibre length Cmm)',//,'Fr
lee format ',/)
READC*,*)STC,L
STC=STC/100
L=L/1000
WRITEC*,150)
150 FORMATC//,'Input stress cut off fraction for ineffective length c
lalculation:',/)
READC*,*)C0
155 WRITEC*,■'58)
158 FORMATC//,'Do you require data for ineffective length etc. stored
1 on file ?',//,'Key Y or N only',/)
READC*,*CA)')CH0IC1
IFCCHOIC'.NE.'Y'.AND.CHOICl.NE.'N')G0T0'55
IFCCH0IC'.EQ.'Y')THEN
WRITEC*,160)
160 FORMATC/,'Input filename :',//)
READC*,'(A)')FN1 
ENDIF
165 WRITEC*,168)
168 FORMATC//,'Do you require data for plotting shear stress distribu
ition stored',//,'on file ?',//,'Key Y or N only',/)
READC*,'CA)')CS
IFCCS.NE.'Y'.AND.CS.NE.'N')G0T0165
IFCCS.EQ.'Y')THEN
WRITEC*,170)
170 FORMATC/,'Input filename :',/)
READC*,'CA)')FNS
0PENC1,FILE=FNS)
ENDIF
175 WRITEC*,178)
178 FORMATC//,'Do you require data for plotting tensile stress distri
ibutlon',//,'stored on file ? ’,//,'Key Y or N only',/)
READC*,'CA)')CT
IF(CT.NE.'Y'.AND.CT.HE.'N')G0T0175
IFCCT.EQ.’Y')THEN
WRITEC*,'179)
179 FORMATC/,'Input filename :',/)
READC*,'CA)')FNT
0PENC5,FILE=FNT)
ENDIF
IF(CT.EQ.'N ')0PENC 5,STATUS ='SCRATCH')
WRITEC*,180)FN2 
180 FORMATC/,'Reading properties from file ',A20,//)
READC3,200)A,RF,A,RM,A,GF,A,GM,A,EF,A,EM 
200 FORMATC/,6CA40.FH*.6,//))
xn(m,=l./ >yo ZtiZ
PI=3.1 -415926
X=(-1)*INC
Z=0
TOPT=0
TOPS=0
CALL CONST (PI,RF,GM,RM,EF,EM,B,K,VF,VM,CH0IC2,K2,GF,VF2,ETA)
EC=(VF*EF)+(VM*EM)
SC=STC*EC 
SFO=STC*EF 
PRINT*,SFO/1E9
C CALCULATION OF SHEAR STRESS DISTRIBUTIONS
DO 500 J = V 9 9  
X=X+IN
C EQUATION FOR DOW OR COX
IF(CH0IC2.NE.'Rosens')THEN
■ft=K*SC«(SINH(K2*C(L/2)-X)))/(COSH((K2*(L/2))))
C EQUATION FOR ROSEN
ELSE
TI = (SFO/2)*((GM/EF)**0.5)*((VF2/(i-VF2))«*0.5)*(COSH(ETA«X)-SINH( 
1ETA*X))
ENDIF
C CALCULATION OF TENSILE STRESS DISTRIBUTION FOR ALL THREE ANALYSES
SP=(COSH(B*((L/2)-X)))/(COSH((B«L)/2))
SF=EF*STC*(1-SP)
IF(ABS(TI).LT.1.0E-20)TI=0.00000 
IFCCS.EQ.*Y')WRITE(M,«)X,TI 
WRITE(5,*)X,SF
IF(TI.GE.TOPT)TOPT=TI
IF(SF.GE.TOPS)TOPS=SF
500 CONTINUE
REWINDC5)
LIMIT=CO*TOPS
DO 600 J = V 9 9
READ(5,*,END=i000,ERR=950)X,SF
IF(SF.GE.LIMIT)THEN
DELrX
GOTO 625
ENDIF
600 CONTINUE
625 DELD=DEL/(RF*2)
TOPS=TOPS*1E-9 
LIMIT=LIMIT*IE-9 
DEL=DEL*1000
C CALCULATING INEFFECTIVE LENGTH USING ROSENS EQUATION
DELTAP=(0 + ((1-CO)**2))/(0-CO)))
C CALCULATING INVERSE COSH ARGUMENT
DELTAP=LOG((DELTAP+(((DELTAP **2)-4)•*0.5)) /2)
C INEFFECTIVE LENGTH (DELTA) CALC. (FINALLY)
DELTA=RF*(((1-VF2)/VF2)•(EF/GM)* *0.5)*DELTAP 
PRINT*,DELTA
WRITE(*,640)CH0IC2
WRITE(*,650) (L*'000),(STC* 100),CO,TOPS,LIMIT,DEL,DEL,DELD
IF(CH0IC1.EQ.'Y')THEN
0PEN(6,FILE=FN1)
WRITE(6,6HO)CHOIC2
WRITE(6,650) (L*1000),(STC*100),CO,TOPS,LIMIT,DEL,DEL,DELD 
CLOSE(6)
ENDIF
640 FORMATC///,' Using ',A6,' method of calculation :',//) 283
650 FORMATC/,' Analysis of ',F7.2,'mm fibre.*,9X,' Applied strain :',
1F6.3,'J',//,' Cut off limit set at ',F6.3,' of max tensile stress. 
1',//,' Max Cplateau) tensile stress :',F7.3,' GPa',//,' Cut off st 
2ress is thus :',F7.3,' GPa’,//,' which gives an ineffective length 
3 of',F6.3,' mm',//,' C',F6.3,' mm is equal to ',F6.3,' fibre diame 
4ters)',//)
GOTO 1500
950 PRINT*,' ERROR IN READING FILE FOR INEFFECTIVE LENGTH CALC.'
GOTO 1500
1000 PRINT*,' END OF TENSION FILE, CUT OFF VALUE NOT ATTAINED'
1500 CLOSEC3) 
CLOSEC4)
CLOSEC5)
STOP ' FILES CLOSED....... '
END
C I I M U H I H t H i t H I K I H I i H I K I I H i l f i U t l l l l l l i M l l t i l i m f l
C • I I H M H H I H I I i l H H I U f t i M i l t t H M i m t H f t M I H H H H I I I I
SUBROUTINE CONST CPI,RF,GM,RM,EF,EM,B ,K ,VF,VM,CHOIC2,K2,GF,VF2,
1 ETA)
REAL*8 RF,RM,GM,EF,EM,PI,B ,H ,KP,K ,AF,VF,VM,AM,K2,GF,LAM,VF2,ETA, 
1 RT2 
CHARACTER*6 CH0IC2 
INTRINSIC LOG
RF=(RF/2)*1E-6
RM=CRM/2)*1E~3
GM=GM*iE9
GF=GF*iE9
EM=EM*1E9
EF=EF*1E9
AM=PI*RM*RM 
AF=PI*RF*RF 
VM=(AM-AF)/AM 
VF=AF/AM 
VF2=VF**0.5
H=C2*PI*GM)/CL0GCRM/RF))
B=CH/CEF«AF))**0.5
IFCCH0IC2.EQ.'C')THEN
WRITEC*,10)
10 FORMATC/,' Running Cox analysis ..',//)
KP= C1-CEM/EF))/(2*PI*RF*EM)
K=B«EF*AF*KP
K2=B
CH0IC2='Coxs'
ELSEIFCCH0IC2.EQ.’D')THEN 
WRITEC*,20)
20 FORMATC/,' Running Dow analysis......... ',//)
RT2=2««0.5
LAM=2*RT2*CGF/EF)
C PRINT*,LAM
C PRINT*,(AF/AM),CEF/EM)
LAM=LAM*(1+CCAF/AM)*(EF/EM)))
C PRINT*,LAM
LAM=LAM/C(RT2-1)+C CGF/GM)•((C CAM/AF)+2)* *0.5)-RT2))) 
C PRINT*,LAM
lam=2 « Clam* *o.5)
C PRINT*,'LAM = ',LAM
K2=LAM/C2*RF)
C PRINT*,'EM/EF=',CEM/EF),'AM=',AM
K=C1-CEM/EF))*AM*LAM 
K=K/CAF+CCEF/EM)*AM*4))
C PRINT*,'K1=’,K,' K2=',K2
CH0IC2='Dows'
ELSE
WRITEC*,30)
FORMATC/,1 Running Rosen analysis
ETA=(GM/EF)*CVF2/P-VF2))*C(1/RF)«*
ETA=ETA**0.5
P.RINT*,'GM/EF=',CGM/EF),'VF2=',VF2 
PRINT*,'ETA=',ETA 
CH0IC2='Rosens'
ENDIF
RETURN
END
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